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ABSTRACT 


Experipents were performed on laser produced plasma 


from aluminum target discs in a vacuum chamber at 


6 
pressures a few times 10 torr. Flasma analysis was 


achieved using a flcating dcuble electrcstatic probe 
of tungsten wires biased at -15 volts Dc. In 
analyzing 376 oscilloscope trace pictures of the proke 
Signal, LOUIE velocity Signals cccurred With 


regularity. Tke plasma velocities detected py the 
7 ? 
prebe were determined to be 3.7X10 cuysec, 1.5X10 


6 
cmysec, 5.6410 cmysec (the bulk of the flasma), and 


4 8 
4.OxX1C coysec. A fifth, very fast Signal at 1.0X10 


cnysec was alsc detected but it was not consistently 
present. Investigation of the velocity distributions 
as a functicn of time snowed them net tc Fe Boltzmann 
distrikuticns, rut exponential power distributions. 
Investication cf the crater formed Ery each laser 
pulse resulted in the determinaticn of the follcwing 
crater dinersicns; crater depth 0.01 cmyshct, crater 
Giameter cf 0.11 cm and a total spot size diameter of 


0.70 cm fcr the laser-target interaction. 
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I. INTRODUCTION 


Laser plagma production has been cf interest to 
researchers since the early days of laser study. The tse of 
the laser aS a Scientific instrument quickly drew the 
attention of the academic community. Lase€r-target 
interacticn waS socn a topic cf considerable research 
eirort. Industrial and Bilitary applications of 
laser-dorinated technology are considerable. Most recently 
it has keer ‘employed in research to develop the fusion 
reactor as an efficient, controllable scurce cf energy, tc 
develcp a rapid, secure communication system, and to develop 
the much pukjicized laser weapon systems of future warfare. 
The effects cf high power laser interacticn with ratter 
include (1) Eeatince [42], (2) melting, (3) vaporization of 
solid materials, (4%) emissicn cf charged particles, (5) 
epissicn cé£ neutral particles (54,11], (6) plasma 
rroducticr, (7) electrical discharge in gases precduced by 
high energy laser interacticn, and (8) applicaticn cf these 
effects tc material procesSing. 

Addressing laser interaction with solid materials, 
particularly metals, the mechanism cf the interacticn has 
been the sukject of research for over ten years. It iS nNOwW 
uncerstocd that in metal targets struck Ey a laser -Eéan, 
some of the Jight energy is aksorbed by the electrons and a 
large part is reflected, the amcunt of reflecticn being 
dependent cn the target material [42]. The amcurt of 
radiaticn energy and the time-length cf the laser fulse 
striking the target are the ccntrolling farameters that 
deterpine the results of the interacticn. 

The electrons in the conduction band will be excited 


to a higker enercy level as incident photecns are afrscrted. 





The energy frcm these interactions is transferred ttkrcugh 
ccllisiors in the target material to cther electrors and 
lons. The mean collision time for the electrecns is 
one-tenth picosecond, so it is apparent that many ccllisions 
can cccuF in the time of a laser pulse measured in 
nancseconcs. The photon eénergy is, fer all practical 
consideraticrs, instantly turned to heat through farticle 
collisicns, rapidly heating a small quantity of material to 
very high temzperatures. A laser-target interacticn of 
sufficient energy will produce a flasma that ig a dense 


cloud cf ionized particles. Plasma producticn cccurs at 


9 2 
laser irradiances of the crder of 10 Wycm and greater 


( 42}. 

The early response of the laser prcduced plasua has 
marked characteristics that are in need of further study. 
The plasma plume develops gquickiy after the laser pulise 
strikes tke target. The plume development is at least 
partially cdescriked by cc@puter analysis at Lawrence 
Livermore Laboratories [32], Sandia Laboratcries, and Naval 
Research Laboratory [37,38]. The Naval Research Lakoratory 
in Washington, D.C. has a computer model based on a_ courpled 
System ct hydromagretic equations in cylindrical cocrdinates 
including self-generated field effects, rate eguaticons, 
meemarscn tkansport, frequency diffusicn of incident pkotons 
and radiaticr pressure [37]. 

The early response of the laser produced plasma which 
precedes the fcrmation of the main plume is more difficult 
memeexPiain [£2]. It is hypcthesized thrcugh experizrental 
okservaticn that there are four possible scurces cf fast 
Prcpagating e¢ariy signals: laser induced electron emission 
[52,62], fast plasma Llowoff [Z4], electromagnetic sicgnais, 
anc icnizaticn of the backgrcund gas by plasma produced 


photons [27] or ionizing potential waves [20i. 
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This study was undertaken to develop further understanding 
of the origin of the early plasma emission through 


experinentai study of the velocities of plasma features. 
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If. RECENT RELATED RESEARCH 


fhe newness of laser produced plasma research has not 
yet produced many comprehensive textbooks cn the sukject. 
Most of tke literature is in the Scientific journals. The 
most comprehensive Look, judging py the nurber of titres it 
is referenced by other authors and the extensive 
bibliography it contains, is ref. [42] by J. F. Ready. It 
is five years old and provides reference to nost cf the 
Published articles on laser effects pricr to 1971. [It 
contains two chapters directly related tc laser target 
interaction with a metal surface and several more charters 
covering other target materials, 1.e., gases, transparent 
material, sémi-conductors, and non-metallic solids. Chapter 
Three, “Effects Catsed Ly Absorpticn of Laser Radiaticn at 
Opague Surfaces," discusses investigations into heating 
without thermcdynamic phase change, laser induced meiting 
and laser produced vaporization. 

Laser induced heating without fhase changes is 
basically a discussion cf temperature change using classical 
thermodyrasics formaiism. The laser photons interact with 
the electrcrs in tne solid and distrikute their energy 
through tke w#etal. The mean free time fcr collisions 


Fetween electrons ina conducting metal is cf the creer of 


a3 
10 seccnds. The laser radiation energy cf a Q-Switched 


- 8 
or normal fulsed laser is slcwly deposited (t=10 séeccends 


as ccmpared tc the electron mean free collision tire of 


«13 
“10 seccnds). AWeendrtien of thergal equildzpriunz can be 


assumed tc exist. 


J. H. FEecntel also has investigated laser-induced 
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temperattre changes of the absorbing media [8] brut at 
incident irradiances such that neither melting nor 


vapcerizaticn cccurs. Here the heat-conducticn equaticr 


> > > > > 
Ge (eet) ob OC Srir,t) = (rye) 
at 


is solved anc is calied the volume qeneraticn acdel, in 
which T ig a temperature avec is the thermal energy 
crossing 2 unit area per unit time, ec is the heat capacity 
per unit wclune ang A is the net energy pet unit volume per 
unit time generated within the solid. An alternative rethod 
of forzulating the froblen of laser heating of akscrking 
material is called tae surface generaticn model. In this 
ecluticn the Feat is assumed to ke generated on the surface 
of the target and the homogeneous heat-ccnduction eguation 


jis solved with f[cundary conditions at the irradiated 


surface. Experimental evidence is derived for co. laser 


radiation impirging on a tungsten target tc agree wWithe tne 


theory develcpead [8]. The surface generaticn model can he 
used to predict laser-induced temperature changes preduced 
by pulsed lasers. For very short pulsed, piccseccnd, 
mcde-locked sclid state and dye lasers the yvcelume generation 
mcdel is acre accurate. 

The no-phase-change laser heating problem is addressed 
by J. 1. Schriespt [39]. He solves the heat flow equation 
for a seui-irfinite sclid and a slab of finite thickness 
(thin film) and ccmpares the results tc experimental 
cbeervaticns cn aluminum and stainless steel. RB. Aw Ghez 
and kK. &. Laff [21] have reperted on laser heating of thin 
filws. ite prceblez is solved using the one diswensicral heat 
“flow eguaticn. A numerical example for a silicone fila cn a 
cilica sutstrate illuminated with a cw argen-ion 1laser is 


ccrpared sith experimental observations by Ghez and Laff. 
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Ready { 42] continues in Chapter Three with 
laser-incuced melting and a theoretical sclution using the 
heat eguaticn. Melting or reducing a solid to its liguid 
Fhase withcut vaferizing it requires a very fine energy 
division when using a laser energy source. The fulsed 
lasers are nct especially suited for that applicatior, but 
CW lasers which car be adjusted to variabie energies are 
well stited for melting. Schriempf [39] werks the 
Sseni-infirite slab melting problem theoretically by use of 


the sirple Feat flow equation 


g*t i ar 
az- ~ « at = 9 
assuming the melted material is immediately removed. This 


is a realistic assumption demcnstrated by J. A. Fex [19]. 
Fcx showed that two iasers (one pulsed and one CW) can 
previde a s«erkable technigue tc clear the molten target 
material é@way rapicly enough tc consider it as being remcved 
lmggediately. Ghez and Laff [21] address laser melting cf a 
film and substrate as a three-phase Stefan problem of liguid 
film, sclid film, and substrate. The Stefan prooler is one 
in which a given méterial transforms from cne therscdynanic 
prase tc ancther with the emission cr akscrption of heat 
Etzel Asstrptions are made to remcve anaiytical 
difficulties that maxe the proklem otherwise insolutle. The 
scluticn te the preblem is fcund by the simple heat flow 
eguaticn as in Schriegpr's work. 

Considerakle attention is given tc laser-induced 
target vapcrizaticn and plasma production in the scientific 
literature. It is probably the most impertant aspect of 
laser-target interaction when consideraticn is given to the 
€véer more energetic laser pulses and the shorter fulse 
‘widths cf state+rcf-the-art lasers. Vaporization and fglasma 
prceducticn are of direct interest to scientists attempting 


tc desicn fvsion reactors who need tc knew exactly wkat is 
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haprening at the fuel surface when the laser beams strike 
the deuterium-tritium fuel pellet [29]. Vaperizaticn cf the 
target material is very readily attained with pulsed and 
Q-switchec lasers. Ready [42] emphasizes the experinental 
measurements cf material removal and scme methceds of 
calculating it. There 1S a great difference between the 
behavior cf ¢ target surface struck by a smiilisecond laser 
pulse ard a target surface struck by a nanoseccnd or 
Ficcsecond fulse. Intense, short laser pulses dc not 
Ereduce mtck vaporized material removing only a small amcunt 
of target material frcem the target surface with high flux 
density. Icnger lower-powered pulses frcem a normal fulsed 
laser on tke ctkéer hand produce deep, narrow holes in the 
tarcet. Experimental data on the amcunt of aaterial 
vapcrized ry a laser pulse is not very repreducible. It is 
dependent cr exact duplicaticn of experimental conditions 
and even the laser pulse is cnly reproducitle to withir +202 
cf the rated energy from pulse to pulse cn many high fewer 


lasers. feady [42; presents several graphs cf laser crater 


2 
dé€prth versus laser flux density (Wycm ) and laser energy 


cutput (Jcules). Ine heat ficw eguation is used to give a 


gGuick, siugple estimate of the depth of vapcrization. As the 
target material varcrizes, the thermodynamic phase ctkanges 
that take glace invalidate the heat eguaticn for ail but 
Icugh estimates. The thermal conductivity, heat capacity, 
anad density are all temperature derendent. The reflectivity 
is temperature and thermodynamic phase dependent. The 
laser-target crater depth is therefore not actually a simple 
functicn cf fesiticn and temperature as the heat eqtation 
incicates. 

Cné model cf the processes involved in vaporization by 
‘a C-switckec laser considers the pressure produced [ry the 
prcodgucticn cf a small amount cf blowoff material early in 


the laser fulse. This reccil fressure raises the Eciling 


te 





temperature cf the target above the nornzal atmospheric 
pressure vafcerizaticn temperature. If then, one considers 
that the increase in vaporization temperature of the surface 
material is sufficiently high, the surface will be rfrevented 
frcom vapcrizing further and the material will continve to 
heat to a temperature above ncrmal vaporizaticn temperature 
as laser light ccntinues to be aksorbed hy the target 
surface. {ke target surface will eventually reach the 
critical pcint where vaporizaticn can occur. This mcdel 


gives reascraktle agreement with experimental observations 


9 e 
fer cne range cf laser flux density (10 W/cm ). It wakes no 


alicwances fcr shielding or partial shielding of the target 
surface frcm the laser beam at the target spot as the 
blowoff sateéerial (plasma plumé) becomes hct, ionized, and 
Opaque. 

At sufficiently high laser power density the blowoff 
can ke assuned tc be ae fplasma. Gas dynamics, flasma 
aksorpticn sechanisms, thermal ionization processes and 
reradiaticn Fy the plasma are all included in a model given 
by Ready [4z2j. This model predicts experimental facts with 


relatively accd accuracy. Graphs for vapferizatien depth 


2 
(crater depth) as a functicn of energy density [Jycn ], 


velocity cf stxrfacée vaporization [cm/sec] vs. laser flux 


- 


density ven target surface temperature as a function of 
laser flux dersity and vaporizaticn depth versus laser fulse 
dtraticn are presented for ccmparisons. 

These ucdels each emphasize a particular aspect cf the 
interacticn. They each give a reasonable treatment cf one 
of several fheromera, but there are no comprehensive 1odels 
that couzpile all of the phenomena into a single sclvable 

mccel. 
} Continuing, Schriempf (39] presents a soluticn tc the 


prcblem cf uriform continuous laser irradiation of a sclid 
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target; the cne dimensional frobiem. The melted veltme of 
tke target is assumed to be in place until it reaches 
Vaporizaticr temperature, when it is assumed to evaforate 
ccppletely. The pulsed laser situation fcr laser radiation 
is assumed. This is not an unreal Situaticn as demcnstrated 
by Fex [1S]. One is usually interested only in ovower 
densities belicw the breakdown threshcld cf air because at 
higher pcwer densities the energy cannot reach the tarcet if 
it is ir tke ambient atmosphere. The breakdcwn levels are a 
function cf laser radiation wavelength, spect size, laser 
pulse lengtk, laser pulse shape and the ccntaminants in the 
atmosphere (1.¢€., smog, fog, chemicals, smcke and humidity). 
It is fer this reason that mest experiments ccncérning 
laser-tarcet interaction are done under at least partial 
vacuum ccnditions. High pcwer density laser pulses are 
censidered Ly Schrienpf [39] in laser-target interactions 
assuming that the piasma blowoff does not shield the target 
spet from tke laser radiation. In addition to the tkermal 
change tc the target, there is a strong pressure built uf on 
the target strface due to reccil from the vapor blicwcff. 
This is where the spall and deformaticn of the target 
surface iS stspected to ccmne fron. A crater of mech 
smccther gecnetrical shape can be produced sith a two laser 
system which removes the melted material quickly before it 
can vapcrize and set up a sheck front [19]. A thecretical 
calculaticr is done for the semi-infinite slak and numerical 
examples are carried cut for titanium and aitminunm [39°. 

R. 2. Clstad and D. R. Clander [40] in a study of the 
Varorizaticn cf iron by a laser fulse, have used the 
transient reat ccnduction eguaticn ee solve the 
lase€r-interaction froblem. Twce assumptions are made ir this 
werk: (1) heat ceonduction occurs cnly ina direction rormal 
tc the tarcet surface, and (2) because metals are cpacue to 
visitle light, the laser radiation is represented Ly a 
surface keéeat source. The temperature and tire histcries of 


the solid during a pulse may be compared by scluticn of the 
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transient heat equation. First, the surface temperature 
rises, meltirg and vaporizing the target. Neutral ators or 
mclecules are emitted intc the gas or vacuum arcund the 
sclid. If the surface temperature exceeds the melting pfeint 
of the substrate, rapid vapcrization cf the meit cccurs and 
the escaping vapor exerts a recoil pressure cn the liguid 
which catses it toc flow outward along the surface. This 
movement cf jiguid is orservable as a crater at the point of 


ingpact cf the laser radiation. The reccil rfressure into the 


9 
sclid tarcet, when uSing laser beam energy densities cf 10 


2 
(W/cm ) and greater, is encugh to eject small gickules of 


mclten metal in a direction away from the target surface. 

Foes. ©. ket, D. J. Nelson, and R. B. Ball [59] 
present a siaple ncdel for evaporation in which the surface 
tenrerature is raised acccrding to its heat capacity, the 
akscrked enercy and the heat ccnductivity tc the bulk. When 
the vapcr fresstre becomes comparable tc that cf the 
surrcundirg atmosphere, surface coiling Eé¢égins. Ir the 
aksence cf superkeating, the evaporated particles velocity 
would cbey tte three-dimensional Bcltzmann distributioc. 

Fer plasma production, Ready [42] and Huddiestcre and 
Lecnard [z5] tcth have a gccd review cf the different 


techniques used in experimentation to investigate the 
ckaracteristics of the plasma fiume in high energy 
laser-tarcet interactions. Photcgrarhic technigues, 


interfercnetric techniques, optical spectrcscopic studies, 
X-ray emissicn, charge collection measurements with shielaed 
prcebes, pressure pelses, and magnetic field considerations 
are ali kEriefly descriked by Ready and in greater detail by 
Huddiestcne with much attention to extensive biblicgréphies 
te support ¢€ach methcd. 

Laser-target interaction can be characterized Ey tvye 
conditions at tke impact area. The “E2ESt) 12° hal ow 


temperattre regicn where the target material is tarely 
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icnized and the seccnd a high temperature region where the 
target material is in a plasma state [301]. In the low 
temperature region the target material is in the precess of 
changing tkeraodynamic states from sclid tc vapcr. The 
Ehase transitions are characterized by a strong, dynamic 
transiticr f1cm one state to another ina short peéricd of 
tine. In the high temperature region a hot flasma is 
precéuced that expands to form the plasma pluwe in a 
direction away from the inpact area. The velocity ci the 
expansicrc and the composition cf the expanding plasma are 
areas of much ccncern to researchers. 

| Laséxr reduced plasma particle veliccities are the 
basis of this thesis. The following is a Sugmary of scre of 
the researck dcre on laser produced plasma farticles tc date 
anc the findings uSing varicus diagnostic technigues. 
Dememedcr anc Jantz [17] found, using a tetrode screen 


detectcr system, that the velocity of nydrogen ions in a 


7 
jaser indecec flasaa blowoff was 4X10 cm/sec with a 5C0O Wa 


incident laser power, carbon ions had a velccity of 1.6xX10 


cmysec fcr a 200 M& incident laser power, and copfer ions 


PA 
hag a velccity of 10 cm/sec also for incident power equal 


to Z00 Ma. A Q-Switched ruby laser was used in these 


Experiments with a pulse width ort 30 nsec. The incident 


11 2 
Fewer densities ranged up to 5X10 W/cm . The detectcr was 


Flaced 170 co frem tne target. 

Incue, Kawasumi, and Miyamoto [26] found plasma 
particle velccities an order of magnitude smaller for carron 
icns usirg ar icn energy analyzer. A ruby laser was used in 
ttese experiments with a maximum power cf &0 MW and tctal 


Semergy 1.2 Jd. The target was a rolyéethylene (CH) 
n 


filament. The only species they detected in the plasma was 
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24 
C . Two velccities were determined (paralleit velocity and 


6 
lateral velccity) for the carbcn ions, 3.4xX10 cnyséec and 


6 
feo CH/SEC. 


Grecg and Thomas [23] used a Q-Switched ruky laser 


10 1a 2 
with power densities from 1.5X10 to 5x10 W/Cm . They 


experimentec using lithiuo nydride (Liv), lithiuag, 
berylliugz, carbon, sulfur, aluminum, zinc, and silver 


targets. For e€ach target saterial a graph was pictted of 


2 2 
the leg cf tke ion velocity squared [cm ysec ] versus the 


2 
leg of fiux density [Wycn j. The ior detector was a 


phcetcrultiplier tuke 40 cm frem the target. An analytical 
relaticnship was discovered for the ion velocities of eéach 
target material. It was found by graphical analysis tkat 
2 x 
(v ) = AE and, 
avg 


2 
BEY 


“S 
i 


given E eqtal tc the peak intensity of the laser fulse in 
2 10 il 
peut iLon arkcut 1.5xX10 toe sk 10 and A, «, =, and y are 


Given Ly the fcllowing table. 
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Material 

Lib 
Li 
Ee 

C 

= 

Al 
Zn 
Ag 


Fer an aluzinum target their 


0.459 
0.425 
Omo2 | 
0.561 
0.469 
O2i60 2 
0.330 
0.339 


Table 1. 


0.540 
Neos 3 
0.565 
0.619 
0.627 
Gaes3 
0.500 
0.377 


A 


9 
2.-12X10 
9 


3-99E10 | 
4. 14X10 | 
1. 20X10 | 
7T.48X10 | 


10x10 
10 


1.06X10, 
6.24%X%10 


LIndiigSeeLor 


6 7 
Tanged frcem £31710 to 1.7X10 cnysec. 


Ready [43] used visual micrcscopic 


speed 


Boctccraphs to 


determine 


Carbon 


B 


g 
5.05X10 
6 


4.93X10 | 
2.72%10 
3¢48X10_ 
2.72X10. 
5282X10 | 
344X170 | 
5 eo Z4UX TC 


lon velocities 


analysis cf high 


icn velocities cf 


6 
2%1C cmysec. A 3C MH Q-Switched laser was used for this 


experipent 


value in 10 rsé€c and ending at about 45 nsec. 
established 


Antcncvy 


With 


C2] 


a skewed 


rulse 


Shape rising to its freak 


Frcdquced altunsinum flasma to te bétween v 


and Vv = 
max 


Capacitcr preoke placed 90 cm from the target 


detecticr. 


with a full width half maximum pulse length cf 25 


an enercy cf 


2 
A/CD . 


6 


€.6X 10 


CM/SEC. 


avg 


the icn veliccity of a laser 


6 


5.2X10 cm/sec 


this werk a cylindrical 


was usec for 


jaser used was a Q-switched Nd:glass laser 


1. €d. 


nsec ana 
ie 


laser flux density was 1.1X10 
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Wei, Nelscn, and Hall [59], through spectrcgrafphic 


analysis cf IEcron nitride (BN), aluminum oxide (Al Cl), and 
soca-lime glass targets arrived at velccities that were 


sicnificartly lower than other experimenters. In table 


rorn: 


Takle 2. Farticle Velocities in cm/sec 


MOST ERGEABLE AVERAGE MAXIMUM 
VELOCITY VELOCITY VETCCITY 
Ss 5 S 
EN Z-25X10 20535 %00 2. 716X10 
S S 5 
. 1.25X10 Veo 10 1. E3xX10 
<é 
Scca-Line 2 : : 
Glase 0.73X10 0.82xX10 Q.&9X10 


For this eé3feriment a oO laser was used witb a 25 


Micrcseccrd fulse, 15 J. of energy and a relatively lcw flux 


7 2 
density cf 10 wscm . The Dicrodensitometer detectcr was 


Elaced 4 rm frcem the laser-target impact pcint. The treascn 


for the very lcw ion velocities in this experiment may he 
tke lcw flux density of the co. laser used. 


Eascv, eét al. [7] measurec the plasma icn velccity of 
carkcn icrs sith an electrical diagnostic prcetre in a Faraday 


Cylinder. Their results were plasma yelocities of the crder 
7 
of 10 caysec. They also noted the velccity cf the cpaque 


5 
‘region ct tke plasma plume to ke 5X10 crysec. The laser 


a2 





used was a C€-Switched Nd:glass laser with a pulse length 


i2 2 
less thar 745 nsec and flux density cf 10 W/cm . Using 


ancther cetection technique, Basov, et al. [6] again 
prcvided icr veliccities for the laser induced piasma. The 
methcd cf glasma diagnostics used in this experiment was 
rather incenicus. Basov measured the cpticai density cf the 
rlasma witk @ second laser at right angles to the first, 
several centineters out from the target surface. The 
teginnirg cf the plasma plume was detected kty shininc the 


seccnd laser light through the plume. The cpague region of 
6 
the plasza plume was found to have a velccity of 6.3x10 


cmysec fcr the aluminum plasma and the fast aluminuad ions 


7 
had velccities cf the order of 1.6X10 cm/sec. A Q-switched 


Nds:glass laser was used with 150 MW, 25 nsec pulse lencth. 
Pees avy theoretical development alsc predict these 
velccities if the experimentally observed magnitudes? 8. 


Steverdincg [£z] in the theoretical develctnent of target 


9 2 
Shock theory for incident laser flux greater than 10 Styco 


shcewed Ey tktecretical calculations that the Elcwoff velocity 
5 
1s abcut 4Xi1C cmysec. He used a set of prcktliem parazeters 


Sinilar tc thcse in the actual experimental situaticn used 
Pyeeewer and Fall [59]. An idealized laser pulse at 10.6 


Bicrens sith an initial spike cf one micresecond duration 


7 2 
anc Maxinug intensity of 2x10 W/co was used in the 


Ccalculaticns. The other parameters were target density 


3 
egual tc 5 gm/coa and the speed cf sourd in the target 


5 
Material cf 2X40 cmysec. The problem solution was cktained 
using tke cnerdizensional theory of shcck generaticn and 


Flasma fcrmaticn tc arrive at plasma velocities of the crder 


Za 


sie 6. 

e eg -T 
iss, 
sab kes 

. £3 bods 
‘ct weds 
le eens 
lease 


os lanka 
l Baas 


sseelqg 8 





salen b 





toate 
~ OU pe 


-isza@e 


r=, 


5 
ef 4X10 CU/Ssec. The experimental results in the actual 


Ss 
physical srecktiem were 4.8X10 cm/sec. For air fressures 


kelcw 0.1 ata. a blast wave will form at laser impact rather 


than a déetcraticn Wave. 
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Ue OORT 


In laser-target interacticn the questicn arises, wkat is 
the mecharisn cr aechanisms cf flasma fpreduction? Many 
facets cf the answer are as yet unexplained because cf the 
ccmplexity cf the cifferential eguations used to formulate a 
mcdel cf tte prceblen. Laser radiation akscrpticn ty the 
surface cf a sclid metal target causes heat tc be depcsited 
in a thir strface layer of the target material. The surface 
temperature ircreases and heat waves are prcpagated ir the 
target. Tke keat cannot diffuse cut of the absorbing target 
layer as tast aS it is being injected so the temperature 
continues tc increase until the target waterial kegins to 
Vapcrize. 

The transiticn cf a gaS intc the plasma state involves 
Varicus farticle interaction frocesses. Collisions of the 
particles arcng themselves and interacticns with radiation 
enccmpass mest cf the energy transfer [20]. JIonizaticr, the 
stLlripping ce electrons frem atoms and molecules, is 
acccofplisted Ey the energetic (hct) electrens ccllidinc with 
atcmzs and aclecules. The anverse of tkiS process iS 
recombinatior. The atcm ox mclecule has tc rid itself of 
energy. Three bedy recombination, in which two electrens 
ccllide simultaneously with an icn, one carrying away the 
excess energy and the other attaching itself, takes fléce in 
a cense flasnua. 

There are three basic methods of radiation emission 
frcm particle interaction in a plasma; discrete radiaticn, 
reccmbinaticn radiation, and bremsstrahlung. Discrete 
_Cadiaticn arises from electrcn transiticns frcem one energy 
level tc anctker in the same atom. Discrete radiaticn is of 


a single wave length, A complete picture cf this fcrm of 
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Ladiaticr ccrsists cf numerous spectral lines. Ancthexr term 
used fer discrete radiaticn is bound-krcund radiation. 
Reccmbinaticr radiation is emitted when a free electron is 
captured Ey an icn. A lower energy state is assumed by the 
electron and the energy 1S emitted in the fcrm of a ekcton. 
Reccmbinaticn radiaticn is sometimes referred tc as 
free-beurd tpansiticns. Bremsstrahlung is radiatior from 
interacticn tetween a free electron and an icn in whick the 
electron is cnily decelerated, not carftured. Lia somes 
referred tc as free~free radiaticn. 

At the time of vaporizaticn, the surface temperature 
of the target material will Legin to depend cn the rate of 
Vaporizaticn; that is, the evaporaticn mechanism. fTtermal 
diffusicr ccntinues tc increase the temperature of the dense 
sclid and jJiguid states still at the target surface but 
ceases tc flay a Significant rcle in the plasma temperature 
increase. 

In crcer tc develop the conditicn for plasma 
prceducticn, sufficient radiation energy density must be 
delivered tc the target. 

The electrostatic prcebe and associated thecry was 
Criginally developed by Langmuir [31,36,55,56] ane has 
evcived thrctgh a number of authors, Jchnson and Falter 
ee), Eaksht [4], Lindberg [32], Virmont [5&}, Eyni [18], 
Sienep2s |, Skift [£3], and Chung [14,15], tc its present use 


in ¢lasma diagnostics, from Space probes to fusion reactor 


reséarch, The electrostatic erebe has kteen used asa 
fundamental diagnostic tcol EO measuring plasma 
Characteristics. The original werk in its use and theory 


was dcne Ey Langpuir (1924-1929) so the electrcestatic 
Frcekes, farticularly the single filament probes are called 
Langmuir rretes. 

The electrostatic prcrtes themselves are relatively 
Siaple devices, but the thecry supporting the probe respense 
1S particulerly ccmplex (see Chen [25]). ‘The electrostatic 


Frcebe basically consists of one or swore small, metallic 





€électrodes (whiskers) that are inserted intc the flasema to 
ke characterized. The electrodes tmay be cylindrical or 
spherical ir shape, or may just be a plate or scme cther 
regular cr irregular geometric shape which suits the prcbe 
sSurtace areé calculation mcdel and does nct interfere with 
the plasgaa flcw or the plasma energy fields. The kasic 
assumpticns associated with electrostatic probe use, as 
mreted Fy Swift [55], are: 


(1) Electron and ion ccncentrations in the plasua are 
egual. 

(2) Electron and ion mean free faths are much greater 
than the electrostatic probe radius fer a cylindrical or 
spkerically skaped probe. 

(3) Elé€ctrcn temperature in the plas@a is much greater 
than the icn té@#perature. 

(4) Tre probe radius is much greater than the Debye 
merncth. 

(5) Ihe electron and icn velocity distributicns are 


Maxwellian. 


In the single frobe configuration, the probe crerates 
by a sircle electrcde inserted into the plasma and attached 
to a variable power supply . The power suppiy can Le Liased 
at varicus roetentials, positive or negative with respect to 
the plasma fcr oftigal probe signal response. Currert at 
the preke if measured as a functicn of the frcbe pctertial. 
Tre cther electrode (usually a plate) is a ogrcund for the 
Flasma. Tte plate is normally fixed at a ccnducting section 
of the wall ct the plasma confinement vessel. In electron 
discharge tukes the customary experimental arrangement uses 
the ancde of the tuke as the reference electrode. Tne 
. Langmuir frokte must nave a continuous ccnducting mediun fron 
the plate tc tke electrode which has distinct disadvartages 


when studyinc laser produced plasmas. 
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The ccuble probe GcnfLiguration £ os Flasma 
investigaticr is typically two symmetric electrodes that are 
in ccntact with the plasma. The double prceke was first used 
by Jchnscn and Malter [28]. The current flowing in the 
Flasma between the two electrcdes is measured as a furction 
of the vweltage applied between them. The double frote has 
the advantace cver the single probe in that there is ne net 
charge drair frem the plasma since the twe electrcdes and 
the power surply of the double prokte system form an isclated 
clesed circtit, ie,, it is not grounded to any cther 
equipment. Ecth electrodes are always negative with respect 
tc the flasna and the maximum current drain by the gerecke on 
tke plasma is limited by the icn saturation current tc the 
surface area cf the two probe whiskers. 

The tkecry cf electrostatic prebes is complicated 
because tke Ercbe electrodes are themselves flasma 
Ecundaries. At and near the plasma boundaries the flasma 
chraracteristics are changing, usually very markediy. In 
cther words, it is a grand dilemma. The necessity of 
getting inside cf the plasma with a fprebe that is by 
definiticn cttside. Charge neutrality does not hcld near 
thre plasna fEcundary. A thin layer called the Debye sheath 
{12] exists at the boundary where electron and lon rugker 
density differ from the values within the plasma and £ 
fields are present. ror a probe at plasma fotential the 
sheath vanistes. 

irom {2Z£)]) and Swift [53] have summarized the 
theoretical results cf electrostatic frokes in a systematic 
marner. The experimental consideraticns when using 


electrostatic probes follow. 


(1) The surface of the fproke whiskers should re cliear 
of all ccntaginants. If the plasma terperature is lcwer 
than the scrk functicn of the probe whiskers, ther the 


Variation cf the werk function over the prcebe surface will 








affect tke prceke characteristics. It is gccd procedure to 
outgas the froke whiskers before starting an expéerinental 
€ata run, if encugh current is available tc the circuit, by 
increasing tte probe current enough to heat the whiskers tc 
incandescence. 

(2) Secendary emission from the preke whiskers and 
arcing across tke whiskers can also be ae problen. The 
effects cf s€econdary emissicn are difficult to correct and 
can ke avoided by using probe whiskers that have low 
enission ccefficients and by using lcw probe circuit 
voltages. 

(2) In a weakly ionized plasma, the presence of an 
electrostatic froke disturbs the nature of the plasiaa by 
lowering the plasma density in the vicinity of the probe 
whiskers cutside of the Debye sheath around the prcke. In 
hich téaperature flasmas, the probe can dissolve in the 
plasma, addince to the impurity problems in the fglasma 
vessel. 

(4) Using a shielded robe for plasma diagncstics 
introduces still ancther boundary tc the flasma and all of 
the asscciated beundary probiems. If tsing a shielded froke 
can te avoiced while still satisfying the experiment cesign 
parameters, it shculd be. 

(5) Tke plasma probe signal iS a function cf the 
Surface area cf the probe exposed to the flasma. If the 
Flasma erercy is great enough to dissolve the prece, the 
Surface area reducticn of the prebe must alsc be taken inte 
acccunt ir tke experimental design. 

(6) If the response characteristics of the prcbe are 
tcc Sica tc fcllow the oscillations set uf in the plasna, 
tke proke sicnal will be useless. An apprcximation cf the 
expected flasma cscillaticn frequency should be made fefcre 
désigning tke frequency response cf the prceke circuit. 

(7) Electron reflecticn, that is electrcns that errive 
at cne cf the froke whiskers which reflect back intc the 


Flasma, can tke a proeblem for accurate measurements in a 
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terucus plastia. 

(8) Ehctoelectron emissicn by the probe must be 
acccunted fcr in experiments with a very tenuous’ flasnma. 
Ween the fiasma ion currents are small, photoelectron 
emission cén tave a dramatic effect on the frirebe signal. 

(9) Ir small plasma discharges, the length cf the 
prcke anc the plasua perturbations induced Ly the prcebe may 
ke large ccnopared with the length cf the gradient cf the 
Flasma icn ntmker density. The resulting effect or _ the 
prckre current must be compensated for. 

(10-12) Negative ions cause the collisicnless rlasnza 
theory assugrpticns to be invalidated, tetastable atoms 
literate electicns that alter the probe signal, and ions 
crtiting arcund tke negative whisker cf the probe all cause 
prcte sigral ancmalies that must Fe realized in accurate 
plasma research. 

(12) Ike proké circuit, external to the plasma vessel, 
1s a fart cf the experimental ccnsiderations that is 
ecretines cverlocked. Stray capacitance Or the 
electrostatic prcke leads or in the circuit wiring is of 
great impertance wken attempting to detect nigh frecuency 
signals. be siGating double p~rope system will nec follow 
rapid changes in the plasma potential unless the entire 
System hés a small leakage capacitance te ground. EGrcund 
iccrs anc stray r-f Signals are a particular froblegz arcund 
Meee prere circuit. 

The dcukle prebe thecry used in the research 
discussicrs Can be fceund in Appendi~w E. A detailed 
ferpulaticn cf the plasma temperature and density, the 
Characteristic Detye length for the plasma, anc tke icon 


Saturaticn current are all included in the afrendix. 
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In this research, the velccity cf a laser-precuced 
tfiasma frc@ an aluminum disc target was investigated. it 
was a ccntinuaticn of research questicns posed Ly Ercoks 


{10} and Schrirzke and Cooper [46,47]}. The target was 


—6 
suspended in a vacuum chamber at a pressure of 3xX1C iO 


- 6 =- 6 
1.&X10 tcrr with most data being taken at 1.8X10 LCE. 


A Kdsglass laser system was used (see Appendix A) tc provide 

240 MW, zS nsec half width laser pulse. The average laser 
energy was &.6 + 1.5 J for the 376 data shots that were used 
in ceterfiniro the plasma velccities. 

Tc calculate the time reference frame between the 
trigger, tke pulse and the signal, two-thirds the speed of 
light was tsed as the characteristic speed cf the electronic 
Signal in the cables and the speed of light was used fcr the 
daser lickt ir the denumidified atmosphere cf the lakcratory 
air. The physical arrangement of the laser light path, the 
delay cakles and the oscillcsccpe are given in Figure 1. 

Saaple calculations of the time relaticnshir cf the 
flasma signal tc the triggering circuit gave the follcwing: 
Fer the trigcer signal path (AFGHJ), the transit tire of a 


Sicnal at A was 21.5 nsec. This was calculated using 


10 
meeeea/¥, i¢., AG = 120 cm, GJ = 350 ca, c = 3X10 cm/sec 


(tke speed cf light in a vacuum). 


10 190 
AGse + GJy(2/3)c = 120/3X10 + 350,/2x10 


21.5 nsec 
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Sisnilarly, tke other path (AB+CDE) was calculated where 
AE = 60 cm ano CE = 300 cn. 


10 10 
60/3X10 + 306,/2x10 


17 nsec 


NN 


AEyc + CE/ (2/3) Cc 


NN 


Note that tke distence BC does not appear in the calculation 
because that is the unknown velocity that was being 
measured. 

When tke laser ream struck the aluminum target at an 


mmeme Cf 30°, a crater was formed. Figure zis a graphical 


réepresentaticn cf the resulting hole. 


Tacle 3. Crater Dimensicns 


Dimersicns LO ,Shots Zoe SnOts 
A 0.160 cm Cel 75 en 
E 0.41C cn QO.4CE cn 
C 0.105 cn O2 Vis cu 
E 0.10C cn 0.225 cn 
E 0.704 cn 0.701 cm 


The meastresents in Table 3 were made with a calirer and 
Mlcrcmeter. The laser pulse removed 0.01 cw cf the Ectton 
cf the crater hcle on each shct (dimension £ divided ky the 
number of shcts). Tc calculate the laser flux density at 
tke tarcet, it was assumed that the pulse length in seccnds 
(t) egualed tke half width of the pulse (25 nsec) ané the 
diameter (d) cf the beam incident to the target was 


dignénsicn C frem Figure 2. Laser energy equaled 8.6 J on 


mae averace, sc F = 8.6 J, t = 25 nsec, d = €.110 cn. 
2 ~Y9 2 
flux density = E/ty (dvy2) = 8.6725xX1C (0.055) 
10 2 


= 3.62xX10 W/Ccn 
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The possibility of drilling ccmpletely thrcugh the altzrinun 
disc had te ke guarded against sc that all of the Ilaser 
prcduced pléesza came out the front cf the target. The 
thickness of the disc measured with a micrcemeter was 0.635 
may (0.25" machined aluminum). If s was the depth tne 
crater must reach to drill a hole all the way thrceugk the 
target and ¢ach laser shot removed approximately 0.01 cm of 
the target material, then it was estimated that 70 to 75 
shcts wcvld make a hole through the disc (see Figure 3). 


d/fcos 309 
02645570. 866 
Q.733 cm 


Vi 
Ho 


Tc measure the distance cf the probe from the surface 
cf the alugirum target, a Simple bench mark arrangement was 
used atcr the vacuum chamker (see Figure 4&4). The 
electrostatic ;frebe was inserted in a probe holder which was 
Ecited tc a flat, rectangular Erass plate. An aluminug butt 
Flate was Ecited cn top of the chamber and the brass eflate 
was marked with a bench mark about in the center cf the 
preke. Tte slate was then moved so the pretre whiskers just 
touched the target surface. A paper centimeter grarfh scale 
was matched tp witk the. bench mark and taped down cr the 
alturinum fEtrtt. The brass plate cculd then be mcved a 
specified distance and the probe distance would ke 


mé€asurackle tc + 1 on. 
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The peower supply used for the electrostatic [robe 
Membeurte (see Appendix B fOr ;rebe construction, thecry and 
circuit desicn) was a Hewlett Packard 6218A power supply 
with a maxinum voltage of 50 volts and maximum current of 
Z2OG mA. Early in the reséarch using the electrostatic 
prebe, it was determined that it was desirable tc ccihrare 
the signal peak values for different values cf proke bias. 
A relative numaker egual to the neasured peak voltage divided 
by the bias veclitage could then be used for data redtction 
and grapking. The prcke response, as graphed by Brecks [10] 
in rprevicts res¢arch using the same frobe, indicated the 
Becicnon frcr -10 volts to -20 volts DC tias to have the. 
linear characteristics desired for accurate compariscns (s¢e 
Pigure 5.). 

The points on this graph were an average of several 
hurdred laser data shots, especially at -15 volts ard -29 
vclts. The stancard deviation cf the main flasma peak value 
fcr those bias veltages was akcut 4 volts in each case. The 
average values did match up to Brooks! [£101 graph of the 
sane characteristics tut neo mention was rade py Erocxs of 
tke accuracy cf the data used tc plot the curve in Figure 5. 

When tke prorée bias voltage was determined, the data 
Fictures could be taken. Five osciilosccpe time scales (x 
axis) were tsed tc take the data from the froke circuit, 29 
nsec/cn, £0 rsécyci, 100 nseéecycem, 200 nsec/fcm, and 500 
RSec/cet. Feer voitage scales (y axis) were used te record 
Meee e Sicnal, 500 millivoits/ca, 1 veltycm, 2 veltsycao, 
ema 5 vyceltsycn. The 20 nsécycm and 50 nsec/ycm scales 
displayec tke eariy plasma signals; that is, the fast acving 
Particles that arrived prior tc the main plasma pulse. The 


10€C and zC0 nsecycn scales showed the main ctlasma pulse and 


‘tke 5C0C nsecycm scale showed tke late plasma signals, i.e. 


the particles with slow expansion velocities. 
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To ke abie to consistently reccrd the signals in the 
sane time reference, a zere time mark, toe had tc be 


displayed cr each photograph. The inverted laser fulse 


Signal was used for the time reference. Initially, a long 
tize delay cakle (6Z nsec and 48 nsec cables were used) was 
aaded to the probe circuit so that the proke signal fcllcwed 
the laser pulse signal by the time length of the delay 
cakle. tis technigue worked very well for the early 
Sianals (20 nsecycm time scale) but was fcurd to add little 
tc the larger cscilloscope time scale selections. Cn a 50 
nsec/cm scale the delay cable cnly delayed the signal cne cn 
and when a 5CQ nsecycn scaieé was selected, the 0.1 cm delay 
cn the cscillesccpe graph was not even discerrakle. 
Eventually, tke following technigues fcr timing were 
establisked as the method of extracting data from eack time 


scale. 


(1) The 20 nsecycm time scale was easily read tc 
4 nsec. Jke laser pulse covers abcut 50 nsec from start to 
finish, <c 4&8 nsec and 62 nsec delay lines were used and 
zerc time fcr the plasma signal was assumed to be at 5¢@ nsec 
or 6C nsé€c respectively. Measurements were made starting 
Mes cr 3 cw frem the edge of the craph (Figure 6.). This 
scale car read all prcebe Signal freaks to akcocut 80 nsec. 

(Z) For the 50 nsecycm time scale, the best 
accuracy cf sreasurement was 10 nsec. Since the 20 nsec/cn 
scale could read tte signals tc about 8C nsec, tte 50 
nsec/cm time scale was used for signals fren 80 to 500 nsec. 
For this scale and all higher time scales, the time delay 
cakle was renmcved and a replacement cable was used tc natch 
tke trigger pulse up with the probe signal (see Figure 1). 
The peak cf tke pulse Signals was used as the reference time 


e where, 
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tae Oe te se 4 eS ee. 


All of tke time values were reasured fron toe adding 4£& nsec 


to get the actual time of the peak signal. For example, 
Stuprcese a prebe Signal peak was 115 nsec from the laser 


pulse peak, 


t =t +t = 7115 + 45 
peak 0 


150 nsec. 


(=) The i1G0 nsec/cm scale cculd te read with 20 
nsec acctracy. The data from the 100 nsecycmr time scale was 
read like tke 50 nsecycm scale. The 100 nsecycm tire scale 
was used for peaks Iccated frem about 150 te 800 nsec. 

(4) The 2C0 nsec/cm scale cculd re read with 49 


nsec acctracy. Now even the 7 value determined in (2) 
akcve 1s reccnuing insignificant. However, kecause of the 


ease cf Ilccating the peak of the laser pulse, the same 
method was used to determine time relationshirs (see Figure 
7). The z€Q nsec/cm scale could be used fer signals from 
20€ nsec tc akcut 1600 nsec. 

(5) The 500 nsecycm time scale was used te see if 
there were any very late signals. It cculd detect Signals 
Out toe rceughly 2,500 nsec. The time values accuracy fcr the 


500 nsecycm scale was 100 nsec. The 2 value was not 
Significart to these figures and the time value of the feaks 


was read cirectly from the laser pulse peak {See Figure 8). 
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To take data from the graphs, a magnifying glass and 
Plexiglas certimeter grid scale were used. The magnifying 
glass facilitated more accurate readings cf the tlastic 
scale which cculd be lined uf with the time reference feint 
mcre readily. It also helped to reduce the eye strain 
persuant tc reading the graphical data. 

The plasma probe signal occasionally had a high 
frequency ncis¢ signal superimposed on the laser jfulse 
Signal (see Figure 9). The noise signal only apfeared 
during tke time cf the laser pulse. To determine what the 
Signal was, tke frequency was approximated as follows. From 
a zZ0 nsecycm cata shot, two oscillations were measured tc be 


mee cm longa. That indicates the time constant, t , tc be 


° 
i 


approximately 4 nsec. The frequency then is, 


-9 
f= Yt = 174X110 
= 


8 
= 2.5X10 cyclesysec. 


Unwanted electrical grounds were first suspected. Mcrrison 
[35] was ccnsulted for grounding fprotlems, but all were 
disccunted. It was first thought that the noise was the 
electromagnetic field radiaticn from the Pcckxels cell LcLeing 
Ficked upg Ey the MgO photcdicde detectcr (K-[1). The 
detector fed tke laser pulse signal tec the oscillcsccpe. 
The neise seemed to be cn the laser pulse signal. 
Intrcducirg a leng time delay line (62 usec) cr _ the 
electrostatic prceke signal separated the noise frem tne 
laser pulse sc the noise had to be coming frem the _ fgrecte. 
Tt was tken ccenjectured that the prope tas acting as an 
antenna receiving a signal frem the Pockels cell, rut that 
tcc was disccunted because the signal disappeared shen the 
Prete was pulled uf away from the target. No Signal was 


received when the laser was fired with the probe ir that 
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poesiticr, which contradicted the hypothesis that the frobe 
was an antenna. Further investigation, to see how the noise 
Sicnal changed as the laser burned a deeper hcle intc the 
target, indicated that the noise signals had scmething tc do 
with the laser target interaction. For the first fifteen 
shets the noise signal was consistently fresent. A&s the 
laser nacljJe gct deefrer, the signal disappeared. After the 
15th shct, the signal rarely appeared and after the 40th 
shet on a Single target spct, there was never ae nceise 
Signal. Bice,” £ron > a highly rOolished aluminum target 
surface {almwcst mirrcr guality),the noise signal was even 
more marked than frem a duli surface. The conclusicn was 
that the rciseé signal was due to either X-ray emissicn fren 
the lager-tarcet interacticn or some scrt of diffuse 
reflecticn ¢twinkle) from the target surface. To wirimize 
the noise, the target surface was "cleaned" with an 
unfccused laser shct before each data fun. The cléaning 
reduced the fpersistence of the high frequency noise ¢ianal 
but it did nct totaliy remove it. 

The data collected from each fhotcgraph were tarled 
for data reducticn calculaticns (see Appendix C). Fer each 
ficture, a unigue 10 digit numker was assicned te identify 


it. The shct number per target spot, N , cn whick the 
& 


Ld 


Ricture tas taken was recorded. The distance of the frobe 


frcm the tarcet surface and the probe kias voltage were 
recerded. Cr scme pictures, as many as three peaks could be 
istinguisteé. The time and vcltage of each Signal feék was 
reccrded, Ibe laser energy was reccrded and the errcr of 
measuremert cf the peak times and peak voltages were 


Lreccrded. 
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A linear time tc distance relaticnshif was assumeé and 
calculaticns were made on the tasis cf this assumpticn, 
de. d = vt. The velccities agreed with previcus work at the 
apereximate distance of the probe from the target surface (1 


to 5 ca). UcKee [44] determined the plasma velocity tc ke 


7 
10 cHysec and Breoks [10] found laser froduced flasma 


7 8 
melccities c£ 5.6xX10 and 1.1X10 cm/sec. Demtrecder and 


7 
Jantz [17] measured velocities of 10 cm/sec at 170 ca and 


Wel, Nelscn, and Hell (59] measured veliccities of 10. cM/SEC 
at 4 mm sc tke linear velocity assumption was a valid one 
fer the regicn 1 cm to 5 cm from the aluminum target 
Purcitace. 

The eguaticn used to calculate the velocity, v, fron 
the prokte sicnal data was v =-d/t, where d is the distance 
the plasma had to travel and t is the time of the plasma 
preke peak. A velocity was calculated for é€ach proke signal 
peak. tte distarce, d, was assumed to equal the distance 


frcm the surface of the aluminum target to the oprcke, die 

pilus the distance from the bottom cf the hole tc the strface 

of the tarcet, das where d = 0.01 N [cm] Lecause each shot 
Ss 


removed (C(.01cm of the target surface in the crater. ff do 


were not taken intc account, the deep holes (N 2 40) weuld 
Ss 
have larce measurement errers cEefore the data reduction 


caicuilaticns are even begun. 

Errcr analysis of the photographic data calculéticns 
of velocity and distance was alsc necessary tc insure that 
the measured quantities were dependable, A Simple scheme 
fer error analysis fcund in reference [3] was used. The 


Measurement errors for distance d were 6d = + 0.05 cn. 
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{re time errcrs, dependent on which oscillcscope tine scale 
was used, were: 


fable 4. Cscilloscope Time Measurement Errers 


SCALE TIME ERROR (6t) 
: 20 nsec/ca + 2 nsec 
50 nsec/cn + 5 nsec 
1€0 nsec/ca +10 nsec 
200 nsec/cn +20 nsec 
500 nsec/cn +50 nsec 


The velocity calculaticn error was Ov. The velocity fcraula 


was v = dyt, sc 


Sy = |av/ad| 6a + |av/at| St 


jaye] 6a + |[-a/t?| ot 


Pecomele calculaticn cf the velccity error fer velocities of 


6 
mee crdéer cf 2X10 cm/sec, with t = 500 nsec, d = 1 Ca, 


Bee=)950 nsec, and 64 = 0.05 cm gives: 


-9 2 -—9 
6v = (1/500) (0.05) + (17(500K10 ) ) (50X10 ) 


Ss s 
= 10 + 2X10 


S 
= 2X10 cmMmy/SéEc. 
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Tatle S. Results of Velccity Error Calculaticns 


v [cmysec}) t¢t d{cm]) 6t 6dfcmn]}] 6v [cm/sec] évyv 
6 S 
zX10 5CO nsec 1 590 nsec 9Q.05 3.0X10 ted 
6 S 
6X10 33¢C nsec 2 10 nsec Q.05 3 3000 Son 
7 6 


tn 


5x10 10C nsec 5 asec Q.05 


So the measurement errors of the velocities 
important frcm a statistical foint of 

analysis, ericrs of up to 30% were accepted 
The tctal rusber of velocity data points 


585, the rumker of peaks on the data fhotcs 


32.0X10 6% 


were not very 
view. For data 
as gocd data. 
was reducec from 
5, tO 171. 9tae 


nugber that ultimately survived the error analysis gate. 
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Ve  RESUGIS 


The experimental results of the research completed for 
his thesis are fresented in this secticn. Bach aspect of 
tke results Las been subdivided into a subsection fcr easy 
identificaticn. The results of this thesis were extracted 
frcm@ grapks crtained from computer analysis of the data. 


Four plasma ion velocities were found corsistently ir each 
6 6 
shot series; 4.0X1C cmysec, 5.6X10 caysec (the buik cf the 


7 7 
filesma), 1.5&X10 cassec, and 3.7X10 cmysec, and a fifth, 


& 
10 cmysec, appeared in a limited number of the data runs. 


A. CsATER CIFENSICNS 


The crater dimensions were taken Ercr two craters for 
measurements tc aprreximate the amcunt of target taterial 
remcved try e¢ach laser snot. The results were tabled in 
Tatle 3 and a grapkical representation of the crater is 
Shcewn in Figure 2. The deep crater kad a cylindrical 
diameter cf C.11 cm. Each shot removed appreximately 0.10 
Bae On target material. The surface hcle cf the crater 
eeofered it digensions sligntly frem the deer, cylincrical 
shaped tcle. It had a diameter of 0.17 cr. The difference 
Maeeecroratly due tc the surface bcundary at the top cf the 
crater cnly teing tonded to the target cn cre side while the 
de€p crater material had taraet material cn three sides 


men Lecuced the erosion at the edges of the target s_Ect. 


om 
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B. ERCBE SIGNAL CHANGE ASSOCIATED WiTH THE FIFTEENTH IASER 
SHC ; 

There seemed to be a ccnsistent probe signal 
difference associated with abcut the fifteenth laser shot 
number that changec the laser plasma characteristics when 
the laser-tarcet interaction angle was 309°. It was detected 
in this research with an electrostatic prote, Shewchuk [49] 
detected it with X-ray photodiodes, and Williamscr [61] 
detected it with magnetic protes. 

Ic explain this anomally it was speculated thet the 
30° laser keam incidence angle was hiding the incidence 
impact area frem the probes after the fifteenth shct. A 
guick calculaticn using the laser cratering statistics of 
Tarle 3 showed that Ly approximately the fifteenth shct the 
impact aréa is hidden. Additional Ssuprert iC this 
hypothesis was lent by Shewchuk's research. With the X-ray 
prctes in a fosition normal to the target surface, the X-ray 
Signal tegan to get weak after the fifteenth shct. One 
X-ray prceke was cecntinually collecting a greater signal 
strength than the cther. When the probes were pcsiticned 
nearly parallel to the iaser team so that they could rearly 
deck directly dcwn the crater there waS no signal charge no 
matter hck wany shcts were taken on a Single crater. The 
ccnsistent X-ray Signal indicated that there was nce special 
Significance tc the fifteenth laser pulse cther than the 
mectanical] tjccking of the signal by the crater edge. 
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Merk AcUh ELECTRCN TEMPERATURE 


Electrcn plasma temperature can be fcund from the 
slcpe of the electrostatic prcke characteristics (see Figure 
S) at the graphical crigin, (0,0), uSing an egquatior for 
electrostatic probe diagnostics frem Chen [25]. 


dIydv¥ = kT i 
/ (e/kT ) (i, G7 G,) + a.) 


= e1/2kT 
€ 


wrere 1 = i, = i because the double fprobe usec was 
* < 


symmetric. The measured value of dIydav; 


diydvV = 1.5/5 = 0.3 aapsyvclt 


by extrapclaticn cf the graph in Figure & and ccmpatison 
With Brecks' graph [10] of the same data. fhe value cf 1 is 


i = RV where V , the probe saturaticn voltage, is equal to 
s Ss - 


30 velts and 5, the signal resistance, is egual to 1 okn. 
~1 

T = (€1/72Zk) (dIsdv) 
é 


~1 


= (1160972) 30 (0.3) 
4 
= 58x1C °K 
= 48 eV. 
Sc, the plasna electren temperature is apfrcximately 30 eV 


eer cM from the target surface. 
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eee ELASMA LENSITY RESULTS 


ao 
mee Elasra density, n. {cn j, for each characteristic 
at 


plasma velccity is derived in Appendix B frem the equaticn: 


hn =I yze(i+spa V.. 
a + DEP 


Appendix B defines all cf the terms cf the egration 
and makes the necessary approximations tc arrive at the 
density fcr each prcbe signal velccity {see Figure 13). The 


analytic ccrrespcndences of velocity to density were found 


£ 13 a3 6 
tc be; 4.CCX1C cmysec to 4.09X10 cm , 5.57X10 cn/sec to 
13 3 7 13 = 7 
72-24X10 Cre, es 2a 0 cmysec to 10 Ci 4° Se 7 Uke 
12 = 8 11 


ciysec tc 1.C€3X10 cm , and 1.€1X10 cm/sec to 1.08&x10 


-J3 
cB e 
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few eLOCITY DISTRIBUTION ANALYSIS OF THE FROBE SIGNALS 


The velocity distributicn of the plasza particles is 
an important consideration in containpent schemes for 
Flasmas. The container wall interaction with the plasma can 
ke predicted if a velccity distribution ncdel for the plasma 
ig accurate. The point of this section is to analyse the 
probe tenporal signals for velccity distribution. 

In order to deduce velocity distrikutions fren the 


mere CUrrent, the time function must be analyzed. If the 
Bartacle velccity is given by v= d/t, then Vv is 


2 
PeercrEticral tem The ocne dimensicnal Maxweliian 


Welccity cistributicn is: 
Lye 2 2 
dNydv = £ (v ) = N(1i/v { 7} )exp(-v yv ) 
x vx n x ao 
12 
where vy = (2kT/nm) 
= number of particles 
Boltzmann's constant 


= plasma temperature 


BWW a2 B 
1 


= farticle mass. 


Meeamssian time distribution, f(t), is cf the fora: 


f(t) = A exp(-(t-t,) /28 ) 
where A, = the peak value 
Se = value of t at the peak 
ard s = standard deviation. 


= 









SIGNAL GRAPHED IN 
PEGURE ll 


BeGURE 10. DATA PHOTO FOR GRAPH OF ION VELOCITY DISTRIBUTION 
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The starcard deviation iS a farameter which controls the 
relative flatness cf the bell shaped curve. A small value 
for ¢ results in a Sharp peak and a large value of s resuits 
in a broac, flat skape. 

Now tot all particles of a velccity grcuf are 
considered tc start from a Single foint at cne time, with 
tre Maxwell Ecltzmann distribution of velccities in one 
Saeection, tten the distributicn of the particles with 


respect tc arrival times at the probe can Le deduced as, 
dkydt = ({dN/dv ) (dv /dt), 
x X 
and since v is rélated to the arrival time thrcuch the 


x 
relaticnship v = d/t, then 
X 


2 
~d/t , 


dv ydt 
x 


Se De 2 
{N( 7 ve) exp{- (dst) /v 33 (-d/t ) 


and diydt 


= (constant) t exe(-(4/t) /¥_ J. 

This £f£crmula does not analytically approximate the 
Gaussian fcrm in any apparent limit. In the course of this 
research tke prcbe response signals, however, appeared to 
apyrcach @ Gaussian form (See Figure 10). Further grafhical 
analysis cf the data photos indicated that velccities taken 
fren the freke signals reasonably fit Gaussian curves. In 
Figure 11, tke data from the photo in Figure 10 was grarghed 
and fitted tc a Gaussian curve (A&-B) successfully. Ctrve A 
was the actual curve from tne photo. in ARGure =o the 
Tesults cf subtracting out the particles with velccities 
that telcncecd to the next peak (curve EB) made the Gatssian 
fit ever fetter. For the curve A-B the Gaussian fit 


equation was: 
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f (t) 


mmo LOL curve €E: 


f(t) 


Further analysis 


reguired. 


cE 


2 
2.53exp (- {t- 150} 7/4419) 


2 
3.10exp (- {t-160} £3804). 


explain these unexpected results is 
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feeeePLASUP EABTICLE VELOCITY GRAPHICAL RESULTS 


The tctal picture of all cf the plasma velocity data 
with meastcrenwent errerse less than 30% was graphed in Figure 
2. Each cata peak was used tc calculate a velccity and 
each signal freak value, V, was divided by the DC prcteé tias 
value, eet te state each signal value as a unitless 
fracticn, Ua fcr inclusicn of a range cf values for ap 
{kere is a marked visual effect of the distrikuticn of 
Fceints ir Figure 1z that immediately suggests that there are 
several discrete characteristic plasma particle velccities. 
Figure 13 carries the analysis one step further, shcwing the 
Graphical results of averaging ail of the velocities and 
peak values in groups around each particularly dense region 
in Figure 1z. 

6 

The slcw signals (less than 5X10 cmysec) dic not 
Strvive és valid pcints when the taxinugr allowable data 
error was 304. If the error was allowed to re 50% ther the 
Sicw sicnals remained in the analysis. That is what 


Becaduced the siow signal veleccity in Figure 13. Farticle 


Qo 6 
velccities were fcund to be 4.0X10 + 1.2X10 cm/sec with a 


6 6 
Signai peak value ae Ore Ua 2ets dos SiO k 10 st coe 
Ciysec with a signal peak value (V/V 2 equal to €.50 4+ 
D 


7 7 
eras 1-5X7C + 0.26%10 cmysec with a signal peak value 


7 ? 7 
eee tc €[UCUC1906C«UdtC«083)S 3 7X10 + Q.76X1C cm/sec with a 


3 6 
Signal peak value egual to 0.05 + 0.04 and 1.0K10 + 0.5x10 
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cmysec with a sicnal peak value equal to 0.03 + 0.03. The 
8 
very fast (1.C€X10 cmysec) plasma velocity was taken from a 


Gata sanple cf cnly three pcints out of 171 data peints. 
Even thouch the error bars for that data in Figure 1= are 
swall, the frckable error is not, due to the paucity of data 


Ecints. 


In Agpendix B the icn density, n., was taklec¢ as a 
i 


functicn cf the slasma particle velccities, regs The 


Ecltzmann eqtaticn is: 


Sey kee 
r(k) = ne 4 ‘ 
Oo 
2 
If E= nv /2 
2 
tren hn = n exe (- {av {/2KT}) 
2 2 


hn exp(-v /v ) 
0 D 


where v= oa/zkt. 
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2 2 
So, ilr(n) = ln({n_)-(v yv ) 
Q m 


or a lineéar eguaticn cf the fcrm y = axtb 


where y = in(n) 
b = ln (n)) 
2 
a= -tlyv 
m 
2 
ang y= Vy. 


2 
If tke graph cf In(n) versus v. yields a straight 


line ther the set cf points in Figures 12 and 13 fit a 
Ecltzmann distribution. 


Maetle Ci epata Pcant] for inn) vse. ¥v 


2 


v [crysec ]} Vv ln(n) 
6 13 

2.5 /X1C 3.1X10 S738 
7 14 

lies ca tC 23 RNG Zoe 
7 15 

ee 7 1410 1.4X10 27.66 
8 16 

1.€0137¢ 10 25.41 


2 
Tre craph of Iin(n) ve v, shown in Figure 14 did not 


2 
Frccuce a straight line, so the relaticnshir of n_ to y is 
1 


Meeeea Eciltzmann distribution. Mesleect cip In (ln (ejjevs 


2 
in(v ), however, did preduce a reasonably straight line (see 


Figure hey Sc, the theoretical relaticnshir is an 
exfcnential jtcwer relation. 
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e K 
CiveeeN Oe Leec dana K are COnStants . 


ef Ue they, 


2x 2 
BIC, ln (in (nj) ln(c(v ) ) = In(c)+Klin(v ), is 


the graph cf a straight line, y = axtb, with y = 1In(1in(n)) 
and x = Ir(v ). The graph would then give a gecmetrical 


value fcr kK egual to the slope (see Ficure 15). If the 
slcre is K net €gual to 1, then the Boltzafann equaticn is 


nct a scltticr. 


2 
The craph of In(ln(n)) versus Aln(v ) is a straight 


ae 
jine with slcre egual to -3.86X16 . So, the relaticnshif 


between n and v 1S an exponential power relaticnshif, rect a 
Ecltzmann cistributicn as postulated. 

Errcr analysis. indicates that the prekable ¢rrcer in 
the y ccorcinate of Figure 15 is negligiktle and the error 
kars in tke x direction (about 35%) are such, that if the 
Cata point is taken to be at either extreme, it is still on 


the line in Figure 15, indicating a very reliable power 


2 
relationshir FEretween Iin(n) and v. Graphical analysis 


yields: 


2 -0,0386 
Ir(n) = c(v ) 


2 -0 0386 
ane the numker density is propertional to exp(c(v ) : 


Cn the assumption that all icns detected are aluninun, 
tte kinetic energy differences bhetween the characteristic 
velccity cgicuwps can be compared swith the icnization energies 


of the multirly icnized states cf aluminum (shown in Table 
7 8 
EB) « Fer €xaazle with ue, = 1.52X10 cmysec and ag Se NC 


Cuysec, tuc of the Guatacteristic flilasma rarticle 
velccities, the resultant energy difference for interval I 
Se Figure 14 is: 


CH 





2 2 
FE, = (mv_/2)- (av 7/2) 


where mp is tke mass cf an aluminum aton, 


-24 
m= 27(1.67X10 ) gn 
< 2 14 2 2 
anc en 2X10 car 7/ Sec 
-9 
EC F-E = 4.53X10 €Lg 
€ 


= 2.71 Kev. 


Sizilarly E -E and EWE, were calculated fer intervals II 


a 2 
and III. For an aluminum amass eT ts = 16 KeV and 
EWE, = 122.7 Kev If m is assumed to be a hydrogen mass, 


then EWE, = £90 eV and EE, = 4,54 KeVe If the farticles 
< 
WwEITE assuned tc be electrons F-E, = 2.51 eV. 


The value cf the change in kinetic energy resolved 


frcr these calculations is Similar to the difference LEetween 


Le+4,i3+ L1+4 
the icnizaticn enezgies of Al and Al lons. The 


lcenizaticr eérergies are listed here fcr ccmparison (all of 
the ilonizaticn energies are rounded to the nearest whole 


nugker). 


fable 8. Aluminum Ionization Energies 


+ 

Ail 6 «€V 
2+ 

Al 19 eV 
3+ 

Al 28 eV 
4+ 

Al 120 eV 
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S+ 


Al 154 eV 
6+ 

Al 190 eV 
7+ 

Al 240 eV 
B+ 

Al 285 eV 
9+ 

Al 330 eV 
10+ 

Al 400 eV 
Lis 

Al 4uO eV 
124 

Adi 2090 eV 
13+ 

Al 2300 eV 


iis net clear why the velocities are groured, but 
lecking at tke aluminum lonization energies, four greufs can 


+ 2+, 3+ 
ke readily approxisated; Al in greup cne, Al : iD ‘gpouwc 


4-114 124,134 
tuc, Ai in greup three, and Al 19CGrOuc. Peur. 


If a jJecal Beltzmann equilibrium is assumed tec hold 
fer each irteéerval in Figure 14, then the kinetic energy of 
2.7 KeV derived above can be eguated to a temperature. This 
temperature dces not correspond with the X-ray energy of 


several hundrec electrcn volts detected by Shewchuk[49°, but 
413 
it does ccrresfpond very well to the Al icrization energy. 
Ire possibility exists that tne velocity grcups result from 
Le4,13+4 
the degree cf electron stripring. For example, Al 


8 
gcns ccrrestcnd to a Signal velocity of 10 cn/sec, group 


7 
three icrs ccrrespcnd to veiocities of 3.7K10 cm/sec, group 


? ~ 
tke icns correspond to velocities of 1.5X10 cm/sec ané Al 


6 
Bore Ccorresz;crd to 5.6X10 cuaysec. 
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The target material should be changed frcm alunrirun to 
¢ecme cther swetal element whose electron separation energies 
are alsc kncen,. This would either lend further suffert to 
the grcup energy hypothesis or cause the hypothesis tc be 
rejected. Further study of this phenosenon is requirec for 


a cemplete urderstanding of the theory. 


Seeeecinf&t VEICCITY RESULTS 


There seems to ke a mathematical pattern associated 
with the fcur flasma velccities. For convenience of 
nctation let the characteristic plasma velocities be 
represented ty: 


6 
a = 5.6X10 cnmysec 


7 
b = 1.5X10 caysec 


7? 
c = 3.7X10 cmysec 


8 
and d= 10 cm/sec. 


fren, fracticnally comparing each velccity tc the 
velccity clcesest te it in magnitude with the faster velccity 
in the nugerétcr and the slower velocity in the dencminator, 


the relaticnships are: 


Cyc = 2.7 

E/b = 2.5 

Ef/a = 2a3% 
This relaticnshif des a noteworthy ccnstant. Its 
Mepracability, however, is not apparent. Sam wiadl ly.) ce tner 


velocity relaticnshnifs are also gecmetrically crdered; 


a7). = 6. 7 
cya = 6.6 


we 








and fa = 0's 


There is ccnsiderabie implication that these number 
Metaticns are significant. Their application to any 
theoretical cevelopment is net clear. A gessible 
explainaticn say lie in the alutinum icnization e€nergy 
grcups discussed previcusly. Pursuit of this conjecture was 


not carried ary farther in this thesis. 


feeeecOMPCSIIF ERCEE KESFONSE 


) The wain flasma signal velocity and shape ccupared 
well with previous work. However, the early Signals which 
were thcrcuchly investigated were neither consistert nor 
reproducitle. Isercr [27] found that the early signals were 
strengly dependent on the surface conditions ane the 
compcesiticn cf the gaseous atmosphere inside of the v‘acuur 


—-5 
chérber. Isenor was working in fressures fren 10 Perera? 


= 3 =e -9 
10 morc. FEcrteus {41} found that at 10 tO 710 cone 


there were nce early Signals. Porteus indicated that the 
l@purities ir the space inside of the vacuum chamber cculd 
Fe the cause of the early signals; vaporized cil frem the 
diffusicn funp, residual atmospheric air gases at the low 
concentraticrs inside of the vacuum chamber, aluminum vapor 
frcwe previcts laser shots, aluminum oxide vapor or the 
target surface, anc even grease vafor from human handling of 
the target while putting it in the vacuum chamber and taking 
m cut. All of these sources of contazinants tend to 
distert tke probe signal fren the aluninua plasma. 
Hydrcgen, fret a mclecular layer of diffusion pump cil on 
the target surface, could alsc be the cause of the early 
Signal. 


Free lccking at many electrostatic prckée pictures, an 
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a een ocr 


average electrcstatic probe response signal seemed to 
sucgest itself (see Figure 16). The peaks gct larger when 
me frobe was closer tc the target Surface and grew Ssu#aller 
as the prceke was mcved farther away, indicating that the 


flasma spread aut as it moved away frcem the target surface. 
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VI. CONCLUSIONS 


In ccrclusicn the results of the research represented 
by this tkesis are to ke summarized. 

The Jaser-preduced crater was made at the rate of C.01 
cm per laser shot. The crater cylindezr diaszeter was 0.11 
en . At tke fifteenth laser shot on a target crater, the 
impact surface was shielded frcm the probe when the laser 
incidence ancle was 309. 

The plasma electron temperature was calctlated 
analytically at two cm from the target surface to te about 
50 eV. 


11 13 
The piasma icn density varied from 10 to 7. 34K 10 


= 3 
Cm for tke streaming plasma. These densities were 


calculated ficm data using a dcuble electrostatic prece. 

Icr grcups ct different velocities were ckserved. 
Within the main group, the plasma particle velocity 
distrikuticns were shown to be approximated ty a Gaussian 
distrikbuticn. The icn number density in each velocity qrcur 
was demcnstreted tc obey the Boltzmann eguation for limited 
velccity rances. 


2 2 
r(v) = n exp[-v sv ] 
0 m 
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Relatively large temperatures were calculated using 
Ecltznanr afproximations, An aluminum icnization energy 
theory was stated to offer an exflanaticn, Eut more 
questions need to be answered before a conclusive arcument 
can ke cffered. 

Alsc, cme intereSting analytical ratics were precduced 
ty dividine eéach velocity cry all the cthers. Uniforno 


ccrstants resulted which were not explained. 
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VIT. FURTHER RESEARCH 


The areas warranting further study that arose durirg the 


ccurse of €xperimentation are: 


(1) Investigate the plasma velocities of 
laser-tarcet interaction using electrostatic probes Fut with 
different teérget materials (metals). An increase in flasma 
icn mass shctid markedly reduce their velocities. If this 
1s pursued fcr research, the laséer-target interacticns of 
the cxides cf the target metals should alse be investigated 
to resolve tke guestion of how much the oxides contribute to 
tre f~lasme ficke signal. 

(z) A concurrent preject for further research 1s 
tc use alternate plasma diagnostic technigues for 
exaninatico cf the laser produced plasma characteristics. 
Laser-plasma research at the Naval Postgraduate Schcol] has 
criy keer dcnée using electrestatic probes, magnetic prickes, 
Eressure prcekées and X-ray fphctcdiode probes. Curved 
Capacitor eréergy analyzer probes, spectresccpic techniques 
and using a seccnd laser shining through the plasma all 
cfier very irtéresting alternatives for collecting the laser 
Frcduced g£lasnua characteristics data [45]. Huddlestcne and 
Lecnard [z5} and Swift [53] shculd be consulted as reference 
tc kegin resé€aerch in this area. 

(3) An ainvestigaticn of the ccmments made by 
Forteus [41; and Isenor [27] abcut the relaticnship of 
Packcrourd pressure to plasma icon velocity wculd make @ good 
experimental series for thesis research. 

(4) Research the fluid mechanics of the laser 


induced tarcet crater formaticn. This is an area fcr some 








meeg, tkcuctt prevceking study. It would ccntriktute some 
necessary ard useful knowledge about the laser target 
interacticn. 

(£) Ancther project for someone whe is interested 
in kouncary value preblems and is good at ccmputer analysis 
wcovld be tc take cne of the Simple, analytically unscivable 
rlasma ercdéls such as the NRL models in reference [37}, 
f3&1, and [303 and set it up fcr computer analysis. A  gocd 
course tc take if this preject is undertaken is MA 3243, 
Nugerical Metkods for Partial Differential Equations, a core 
course in the Metecrology prcgram. Reference texts Ey Smith 
[5Cj, Ames [1], and Spiegel [51] would alsc assist research 
in this aGrea. 

{€) Ancther project, more of a systems nature, 
would ke tc investigate the systers aspect of having 
available a reasonable annual budget ($5CK) for fiasma 
Gescarcch. hhat direction shculd the spending proceed weuld 
ke the hypethesis with an eye toward the Laser-Flasma 
Lakcratcry és a complete system including electrical rcwer 
requirements, space availability, eguipuerct advances, 
student ecpulaticr, and the total cost figures fcr the 
Cpéeration. If the Laser Plasma Laboratory at the Naval 
Fesetgradtaete Schccl is to continue te preduce good results, 
the publicity frcem such a thesis would be a teneficial side 
effect. A gccad paper to start with for. such a research 
Ercoject is reference [5]. A visit to labcratories at NYC 
China Lake, Eerkeley, Livermcre, and Sandia would alsc give 
a Student cf systems analysis a lock at what state cf the 
art researck ¢eguiprent is available. 

(/) If the laser pulses are cecntinued after a 
Crater hcle has passed all the way through the target, does 
tre probe sicnal change? Investigaticn cf this question 
would give a mcre complete understanding of the laser-taraet 
interacticn. 

(€) The statements made in this paper akcvt the 


energy velccity groups possitly being asscciated witk the 


7d 








alurinum icrizaticn should ke investigated. If results of 
tkat scrt car ke dérived uSing target material other than 
aluninum, tte hypothesis weculd be supferted by a more 
ccnclusive argument. 

Alsc, the relationship cf the velocity ratics needs 
further werk. An explanation for the affarent geometric 
symmetry of the ratios was nat discussed here. Further work 
with this tkecry should try to find a descriptive acdel to 
resclve it. 

(S) The plasma velccity as a function of mass was 
attempted, [rut, due to time limitations, was not completed. 
There appear to be signals grcured at varicus velocities in 
Figure 1z anc ancther possible explanation fcr the existence 
of the varicus velocity groups, besides the icnization 
thecry, cculd be a mass theory. The slcw signals say be 
prccuced Ly Leavy atoms (AL,O) ard the fast Signals Ly light 
particles (E&). The suggestions by Isenor [27] and Pcrteus 
{41} that chéemrter contaninents cause the large early-time 
peaks is ftrther impetus tc a theory dependent on farticle 


M@Ssecs. 
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APPENDIX A 


THE LASER SYSTES 


Tne Naval Postgraduate Schcol Laser-Flasma Latcratory 
Nad:glass laser system was used for the experiments referted 
in this tkesig. The system is composed of a Nd:giass laser, 
a vacuum chagker, a system for plasma detection anc the 
necesSary ancillary equipment to support each subsystem. In 
this thesis tke flcating doutle electrostatic probe detector 
was used fcr plasma diagnostics. A complete explanaticn of 


the flcatine dcukle froke used is contained in Appendix E. 


See, LASER SYSTEM DESCRIPTION 


A bicck diagram of the system components used is this 
thesis is fictured in Figure 17. The Nd:glass laser 
suksystea i¢ centered arcund the KCRAD K-150U0 Q-switched 
necdymiug ir glass laser [57]. The laser output enercy is 
Ccntrollec Fry varying the vcltage applied tc the oscillator 
(K-1) and the amplifier (K-2). The energy range cf the 
laser ctEean is 2.5 to 15 J. and the power cf tne beam is 
apErCximately 240 MW. The pulse halt width value is 25 


nsec. The laser puise shape is fictured in Figure 18. 
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A 2C ca focai length lens was used to focus the laser 
Eeap dcwr tc a C.01 cm diameter, circular spot size. The 


flux density delivered under these conditions is azcut 


10 z 
4.4xX1C tycoon . A general description cf the KCRAD Nds:glass 


laser physics is qiven by Maiman [34]. The system installed 
at Naval Ecstgraduate Schooi Laser-Plasta lLaboratcry is 
detailed ry Lavis [16]. 

Fach laser pulse passes through the beam splitter 
wEich pfrcevides signals for twe functions. The first ptrrose 
the bear sjylitter serves is tc reflect an electrcmacnetic 
Sicnal tc the magnesium oxide photodicde detector (K-L1). 
Trat sicgral is fed to a Tektronix S64E storage oscillcsccpe 
which integretes it tc measure the laser pulse energy. The 
Serer funrcticn of the beam splitter is tc frevide a trigger 
Sicnal fer tke Tektrcnix 7904 oscillosccpe via a phcetcdicde 
detector. {hat insures reproducible triggering of the 7904 
Oscillcsccfe at the same instant of time. It also marks the 
arrival cf the sglasma proke detection siaral on every shot 
mithcut licsirg part of the laser fpulse signal. ECCE] tae 
rrcte sicnaj and the laser pulse can be displayed cn every 
ieee shct. 

The laser pulse signal received by the MgO phctcdiode 
detectcr fren the feam spijtter was much greater (akott 10 
tines) tkan the plasma signal frem the prete. To scale it 
dcwn tc a Sic¢cnai that can be displayed with the proke sicnal 
in the saze trace, a Tektronix Mcdel 3752 attenuatcr Ecx was 
used with a £C ohm resistor at either end and connected on 
cne side tc the Tektronix 7704 oscillosccre and the cther 
side te tke ccaxial cable from the MgO photcdicde detector. 
It actec as a voltage divider for the terminated signal, 
reducing its value (see Figure 19.) There are 10 


attenuatcrs ci varicus resistances for ready use. 
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If none fits the experiment requirements, it is a simple 
matter tc change the resistance in the attenuatcr by 
regcving the screwS in the cover and scldering in a 
different resistance. 


Wher tke laser beam hits the target in the vacuun 


7 2 
Chamber with a flux density greater than 10 Wycm , a flasma 


pliure is fermed. This flume was the subject under 
investigaticr in tkis research. 

The laser reé cccling system cools the rods in the K-2 
Samet aicr ard the K-%? oscillator. There is a small 
refrigeratcr, a water rurp, a water ELIter, to 
thermometers, a thermostatic temperature ccntrol and a 
reservcir cf déicnized water in the cooling systen. 

There are four power devices asscciated with ccntrol 
of the tleser kean. a 10 kilovolt rfower supply frevides 
power tc the K~2 amplifier. A 5 kilovelt power supply 
Meevides Ecwer tc the K-i oscillator. The shutter centrol 
1s asscciate¢ with the Pockels cell ccntrcel of the laser 
ruise shape and the small 2000 volt HV-1565 power surply 
enercizes tke MgO phctodiode detector. 

A Cw EeNe laser provides visual alignment and target 
FOsitiorirg reference for tne laser systen. The laser 


system is diacrammed in Figure 20. 
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Peete ELASYA DETECTICN COMWFCNENTS 


For the detector subsystem associated with the laser 
(see Figure 271) there are varicus diagncstic teéechnrigues 
available fcr investigating the laser prceduced plasma. In 
the experimertaticr relevant to this thesis, a flcating 
dourkle froke (see Figure 22) was used for plasma detection. 
{ke labcratcry is also equipped to do research wito macnetic 
prcekes, single filament electrostatic frebes and X-ray 
detectior devices. The two sizes cf plates for the tor fort 
in the vacuum chamcer are tapped for 0.5 cm and 0.2£& inch 
diameter rrcekte shafts. Other detectors can te designed te 
the systen. 

The plasma detector surksystem is made ur of the 
Peetcdicde tc detect the initial laser pulse, a phctcdicde 
tc trigger tke oscilioscope on which the flasma energy 
Signal apreéers, a Tektronix 5648 storage cscillcsccre to 
measure tre laser pulse energy, a Tektronix 7704 
cscillicsccre tc display the laser pulse share and the rflasma 
detectcr Sicral, the plasma detector (an electrostatic 
meeating dcthie frcoke), the detectcr ercwer surfly and 
coaxial cakle delay lines for time Signal cecrdinaticn. The 
delay line f£rem the froke te the 7704 oscilloscoce @2lliouws 
Scr Signal tine lac ky a fixed amcunt to match the relative 
time derendence cf the laser pulse, the trigger pulse, and 
eee Clectrcstatic Eroke signal. The signal speed thkrcugh 
the ccaxiail cable is two-thirds the speed of ligkt. A 


Sckematic cf this subsystem is shcwn in Pigure 21. 
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Wher tke laser beam is fired, the firing key also 
energizes the camera cn the oscillcscopes. A Tektrcnix Ucdel 
3 automatic shutter control and camera mount and a Felctcid 
camera (Eclcrcid 410 film) were used for the picture taking. 

A stray triggering signal will cccasicnally arrive at 
the osciilcsccre, triggering the camera early. Ncething 
appears cn tke scope trace Eut a straight line. If this 
haprens tco cften, check the oscilloscope sensitivity and 
slere seéttircs. They were a very fine, easy to disturb 
adjtstment dtring these experiments. The time constant for 
any catle can re determined on the Tektrecnix 519 


cscillescecre Ey the following procedure. 


B 





Plug in the scope and turn it "ON", 

Cannect the RATE GENERATOR +RATE 50 2 terminal 
into the INECIS SIENAL 125 Q terminal threugh a T50/N125 258 
connectcr. 

On the TRIGGER panel, set the TRIGGER SCURCE to- 
BATE GEX. The room shouid te in semidarkness to reed the 
purple cscilloscope trace. 

Set the RATE GERERATCR panei MULTIPLIER switch 
memes 100 and tke CYCLES,/SEC XK WULT. Switca ELetween 6 and 12. 

On the TRIGGGR pancigeset the GATN tc MORMEh, 
the FUNCTION switch tc PULSE and the PULSE AMELITUDE OR SYNC 
Switch to tk¢ black arrow indicaticn. 

Set %ehe Tit SASE canned NANOS E@7G) “Seitcnh te 10 
ana the CELAY kneb to the aprreximate center cf scale. 

Insert a coaxial cable ccnnectozr tee at the 
INPUTS SIGHIL 1252 line on the ena CE the T5C/N125 
adapter. 

Reccnnect @he @RATE 50:0 lead to one side od 
the tee and tre cakle to be neasured tc the other side of 
the tee. 

Look on the scope trace. fhe time fros the 
meading edge to tae Signal is the time it takes for a signal 
to gc up anc pnack on the cakle so divide it Fy two and that 


is the cable's time delay. 


a 





Meeeadk VACUUH CHAEBER 


fhe vecuum chamber subsystem is the final part cf the 
laser systea (See Figure 23). It consists of the vacuun 
Chamber, a aqas bleeder system, the target and target nelder, 
Seeecal difftsion pump, a liguid nitregen cold trarp, a 
mechanical fcre fuop, a vacuum cramber thermocouple cCauge, 
an icn caucée in tke diffusion pump, a thermccouple gatge in 
the fcre -urp vacuum line, an ion gauge in the vacuur 
chamber and a meter to read ‘the Fressure at each gauge 
(GMA-201, &GE-A, and ICNIZATION GAUGE CCNTROLLER). The 


ferepump trirsgs the system vacuum fressure down tec arout 
= 3 -3 7 ; oT 
10 eork. - At 10 COE the Cil diituston cumoseakies: Over 


and can reduce tke fressure in the vacuum chamber furtker tc 


<7 
accut 1C Cokie. The liguid nitrogen trap afrcve the 


diffusicr fuaofr acts as a condenser for the hot oil drecrlets 
cOofing up frem® the heater. The diffusica pugrc extericr is 
cccled Ey arn cren ended tap water cooling system that crains 
off iantc @ well cutside of the building. 

The vacuum chamber can be isclated from the vacuum 
Eugps cy the chamber gate valve. The vacuum chamrer has 
five larce sidé gerts for instrumentation and observeticn, 
muememadll sicé ports, and ancther laraqe port cn tcp, also 
for diagrcstic instrumentation. The target (usually a metal 
disc) is susftendéed in the vacuum champer at the end cf the 
threaded saétal red with a knurled handle cutside cf tne 
Chanter. Ttre rod fasses through the vacuum chamber wali in 
a vacuuz fitting to facilitate the experiment operacion by 
expcesing a clean target surface te the laser creaw 


periodically without breaking the chamber vacuun. 
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The varicus gauges (twce thermccourle and twe icn 
gauges) acnitcr the system fressure at varicus points in the 
system (see Figure 23). Each gauge is attacned to an 
electronic weter to read the fressures at the mcnitcring 
Fceints. 

The fcrepump was used to rough pure both the vacuun 
chamber and tke diffusion pump through a system of valves 
uNnCcEL tke vacuun chamber (see Figure 2z4). Cnee the 
diffusion puop has been cut in tc the vacuusr chamber tke red 
Icucghing valve must remain closed to prevent Lack fressure. 
The prcecedures in the Laser Light Off secticn cover this 
idé€a thercugtly. 

A recent additicn to the vacuum chamker subsysteg fcr 
fire safety and erectecticn cf the diffusicn pume are two 
relay switckes. A thermal switch was added tc prevent the 
Seemeagitfusicr fugorc from cver heating ard burning ctt the 
rFeater ccil, ard a flcw switch was added tc shut the oil 
Mrrrusicr ¢iup off if the flew cf the cocling water to the 
Sumests irterrupted. The electric circuit schematie fcr the 
Switching devices is shown in Figure 25. 

The iéser system safety aspects bust re well 
understocd Fy the researcher. Tc remember the stancarc Navy 
safety precattions fcr working around high vcitages is a 
definite way tc avoid an accident. Familiarity and 
overlocking ccmmon sense for the sake cf expediency is just 
Memeecangercus arcund a high pcwered laser system as it is 
moeagread Ship. All cf the safety interlocks in the werle will 
Meme erotect a techrician froma improperly grcunded or skcrted 
System safety features. A very gccd Summary cf the safety 
aspects cf lasers is contained in Chapter 7 cf heady [42] 
Poemoncuic Ee read by all iaser system cperators cften 
encugh fcr treir lésscns to tecome second nature. 

The laser system operating proced=res are inciuded in 
the fcllcwirg secticns to give future students ready access 


tc iesscrse already learned ancut the equipment orfreraticn. 
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De LASER OEFFRATING FROCEDURES 


ieee N¢2Glascs Lasce Light 


= 
— = = = = => 


1. FCrefpure 
Close star shaped vacuum vent. 
Push fcrepump "START" button. 
Start tke air ccnditioners to denumidify the xccm by 


Switching #11ic and #Sr in the circuit treaker panel. 


2. Ion Gauges 

flurn cr the power switch to GMA-z01. This 1s a 
thermccourle gauge to measure tre cnamber fressure. Select 
staticn 41 anc this meter wili operate in an automatic mede. 

Turn cn the pewer to RG-3A. The thermcccuple gauce on 
this meter is set at T.C. #1. It measures the forepunp 
Ictch vactug. 

The decas switch sends a current thrcugh the ion tube 


tc expel akscrked cas from the electrodes. The system has 


& 


tc be at 1C torr or less to use this feature. 
The ctrrent set, current adjust, and read ctrrent 
inédicatcrs iet ycu cbserve the ion gauge grid parameters 


frc@r time tc time. 


3. Dirffusicr Funp 

Turn cn the ccoling water. 

Ment ttrn On the difEusien pump until the EorerpunEe has 
been cperating for akcut twenty minutes and the pressure in 
the difitsicn pump system is less than one hundred micrens 
because tte diffusion pump will nct pump dewn in greater 


Fressures. Also operating at excesive pressure destrcys the 


a6 
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Furr. Tke diffusicn cil overheats and evarcrates anc the 
Peagting cecil furns out. 

Make sure the chamber gate valve is clcsed. 

The tlack valve under the chamber snouvld ke oper. 

The red valve under the chamber should ke shut. 

Push the diffusion pump "START" buttcn. The red "ON" 
light on the metal relay box relow the buttcn will ccme on. 
The relay tex is wired to a temperature sensitive thermal 
Switch on the diffusicn pump and a pressure switch cnr the 
cocling rsatéer line. The thermal switch will shut cff the 
diffusion pugrp if it overheats and the pressure switch will 
shut cff tke diffusion pump if the cooling water line lcses 
tack pressure, i¢€. if the cocling water is shut off frefore 


the fuap cr tke cocling line starts to leak. 


4. Ion Gauges 

When tke diffusion pump has been on for ten mirutes, 
tke pressure in the diffusicn pump system win be 
sufficiently low to turn on the ion gauge in the diffusion 


Fume syster withcut Lurning out the filament. A vacurm of 


-3 
abcut 1C tcrr or less is required cr an automatic méter 


Peceuce wiki Shut it cff. 


=—4 
Set tke pressure multiplier selectcr tec 10 . 


Adjust tke zere cn the icnization gauge meter. 
Pusk the filament "ON" button. The red light shculd 
ccreé on and tke ion gauge ture filament at the diffusion 


Puapecehctuld start tc glow. 


meebattusicn Fume Control 

Let tke diffusion pump operate fcr about twenty 
Hinutes. while reccrding the ion gauge pressure anc the 
fcrepump tkermccourle pressure, note that whenever ycu light 
cff the electrecn tube ion gauge detectors, the wires and 


Qlass in tke system tend tc heat up. There is a temporary 


$7 
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crise in fresstre due to the degassing at the sclid surfaces 
in the system which implies increased fressure. 


When tke pressure in the diffusicn purp chamter has 


- § 
reached 10 torr (in about twenty minutes), add the liquid 


nitrogen to the ccold trap. The pressure will drop two more 


—7 
orcers cf magnitude to akrcut 4x10 £Crkg. This step as 


=-5 
optional if 1C¢ is an accepntetle chamber fressure. 


6. Cpening tke Chamber to Vacuus 


-4 
Turn the ion cauge scale tc 10 , hecause when the gate 


valve is crened there will bea rush cf fressure tc the 
diffusion pusp which will cause the detectcr tc impulse to 


~ 4 
Srout Sx1C tCrre 


Make sure the chamber vacuug is tight. 

Cicse tre black valve belicw the chamber. 

Crack tke red valve when satisfied that there are n0 
leeks. 

If tke fressure, aS indicated by the thermrceccurle 
cauge, is cecréasing, then the chamber is probably vacuum 
tight. If a very porous or very effusive saterial jtafe, 
pager, fresh faint, etc.) 1S put in the charker, it tay take 
a very icrg tine tc get a reading Felow cne cr two hundred 
ficrcns. 

When the pressure in the chamber reaches seventy-five 
micrcns cr less, cicse the red valve. 

Oren tke Elack valve. 

Crack tté chagber gate valve cpen. 

Check tc see that the pressure in the charter is 
remaining at cne hundred micrens cr less and gradually cpen 
the gate vaive. If the pressure does not decrease, clicse 
the gate valve and return tc the beginning cf this 
EIccedure. 


Continue tc record the icn gauge pressure, fcrepump 
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pressure, anc chanker pressure for about ten minutes to 


insure tke syster is vacuum tight. 


7. jChamrer Icr Gauge 

This detector is easily burnt out and hard tc replace 
¢c it is imperative that the system pump fcr about fifteen 
Minutes Lrefcre turning it on and that it be allowed tc cool 
cff for fifteen rinutes before tke chamber is returned to 


atmospheric fressure. Diffusion pump fresstre should be of 


— € 
the crder of £x10 torr or less when the chamber icn gauge 


is turned cn. 

Set tke icnization gauge ccntroller power switch to 
uch, 

Wait akcut thirty seconds for it tc warm up. 

Select pressure 41 on the function switch. 

Push meter zero~-to-check and adjust as reguired. 

Select egissicn current 2?.2-10 mA. 

Now select "ADTO" on the pewer Switch. This 
autcmaticeally lets the meter circuit select the vacuun 
scale. 

Puskt tre filagent "ON" button. 


The initial reading of the gauge meter will be ir the 


=.5 
Large of :x1C€ terr due to out-gassing. 


The final pressure shculd ke reached in five minutes at 


w~ 6 
akeut 5x1 COLE. The limit of this vacuum system is a 


—6 
chamber fressure of 1.5x10 torr and diffusicn pumeE 


-~8 
ELE€ssure at akcut 9x10 EQGE. 


The charker iS now in vacuum and ready for the laser 
experiments. Note that the laser shots create plasmas which 
increase tké pressure readings in the system briefly. The 
Chamkrer i1icn cauge can automatically ccupensate fcr the 
change by shafting scales but the diffusion pump icn sauge 


does not have this feature se it is gocd frecedure tc set it 
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tc the 1¢€ scale when shooting a target in the chanker. 


8. The Laser 

First turn on the continucus He-Ne laser to see where 
tte Nd jJaser heam will be going. furrn the switch at the 
kack of the Ee-Ne laser to "ON", Wait three seconds’ then 
push the switch to "START". Be careful nct to move the 
laser Fry exrcugh kandling when switching FtEecause it is 
cptically ailigned. 


9. The Laser Cooling Systen 

Turr cn the right switch at the water pup. The 
cocling watexr is special deionized water. Cc not use tap 
water in this system. Check te see that the water bubbles 
tkrcugh the transparent tee over the reservoir. Pr: Ve 
doesn't, tkere are problems in the cooling waier systen. 

Ture cn the left switch to start the refriaeratcr. 
There is an autcmatic temperature ccntrcel just under the 
transparent tee that can be adjusted with a screwdriver to 


ccntrcel tke cccling water temperature. 


10. Laser Ecwer Supplies 

Fusk the shutter contrel ¢ewer butter. It will light 
eeewmen CCWEXY CCReS Cn. 

Switch cn tke five kilcvolt power supply. The "DOME" 
licgkt will ccs¢ cn wher power is cn. 

Switch cn the ten kilevolt power suprly. The "DUMP" 
light will ccgse on when power is on. Let power suferlies 
warm up fcr five minutes pefcre using then. 

Switch "AC ON" switch te the HV-1565 pecwer supply. 

Switch "HV CN" switch to the HV-1565 pcwer suprfly. 

Wait fcr ten minutes then check the temperature cver 
the 10KV¥ pewer supply. Safe limits fcr power supply 
Seeraticn are 25° to 35° Cc. 


Check anc record the laser ccoling water temperatures 
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at the K-z auplifier. Safe laser cooling water temperature 
is abcut 20° C. W&cnitor the temperatures cccasionally. If 
tke cooling water is inadvertently overlooked and nct turned 
cn, the tenpéerature will gc up on each shot. If that 
happens [C NCI TURN ON THE CCCLING WATER, shut the whole 
system cff fer at least twe hcurs so the red in the laser 
WijJ1l ccci off naturally. If the cooling water is turned on 
the sudden fkeat flow will Ereak the glass red, ruining the 


laser (tris tas happened). 


11. Experimental Equipment 
Turn cn age cscillcscores, cameras, experiment 
egtigmert fewer suppligss, and all cther equipment fcr the 


experiment tc ke run. 


1zZ. Laser Firing 

Blew cff all cptical surfaces of the laser with ar air 
bulk keéfcre starting. Dust and dirt will tend tc cause 
Fitting cn tke oftical surfaces whenever the laser is fired. 
De not Elecw cn any optical surface with your breath. 
pemeameGe bill deposit and, like dustm wall tend to pit the 
surface. 

There are two methods of firing the Nd laser, lccal and 
remcte. The local method is from the 10KV fower surprfly and 
the remcte is from a specially cecnstructed ccntreol Ecx. 

Wher reacGy to charge the pewer supplies to shoct the 
lasér, agnncunce tae fact to all in the recm as a safety 
precauticr. 

Fut your safety glasses in place. Do nct procced until 
every one kas cn safety glasses. 

Wher everycne is ready, push the "CHARGE" Euttcn. The 
vceltage will start coming up onthe meters at the power 
Stpplies. Chiring bells will toll at the rate of akcut two 
FEer sececrd urtii the system is ccmpletely charged. When the 
power Supplies are ready to fire the laser, a continuous 
mcrctone whistle will sound. The ready light will ccme on 
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cn tke rencte control] and the "FIRE" light will come cn at 
the 10KV and £KV pewer supplies. 

If fcr ¢cme reason the shot is to be akcrted, puskt the 
“CUME" butten cn the 10KV power supply or the remote ccntrol 
box. Do net "LUMP" or "FIRE" before the power supplies are 
fully charced because it causes excessive currents in pcwer 
supfrly centrcl relays and tends to burn them out. 

To shcct the laser, push the "FIRE" Eutton on the 10KV 
Fewer Ssuprly cr ¢n the remote contrel Fox. 

The time between consecutive shots should ke sixty 
seccnds cr ecre to allow time for the glass red in the laser 
tc reccver a constant temperature gradient. 

Check tke temperature over the 10KV fewer supply air 
vent cccasicrally to detect any overheating. 


ge shut Ecown Erocedures 


1. Experimert Eguicment 

Shut off all oscilloscopes, cameras, experiment fcwer 
supplies, and cther experiment equipment pewer. 
z. The Laser 

Turn cff the 1O0KV power supply. 

murn off the SKV power supply. 

Turn off the shutter control power by pushing the fewer 
button. Tre light turns off when power gces cut. 

Turn cf£f the HV-1565 high voltage. 

tiene ckEt the dV¥-1565 AC. 

Turn off the ccntinuous He-Ne laser. 

Let laser cocling water flew for ten rinutes after the 
last laser shot, then turn off the two lasec cooling water 


Certercol eritckes. 
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3. Vacuun Chamber 

Leave GMA-2z01 on indefinitely. It will not damage the 
meter. 

Turn off the chamber ion gauge filament. 

Turn off tke chamber ion gauge filament [fower. 

Close tke chamber gate valve. 

Let the ion gauge filament cool down fcr about fifteen 
Zinutes Ltefcre venting the chamber. Failure to let it ccol 
tends to Eurr cut the ion gauge filament wher the chamter is 
vented. Ike vent is located above the red valve under the 


Chamker. Vent the chamber if desired. 


GW. Diffusicr Fump : 


=-4 
Select 1C cn the pressure multiplier switch te FC-3A. 


Turn off filament to the diffusicn pump ion cauge. 
Power can fe lert cn continually to RG-3A without danaging 
tke muecter. 

bush "SICE" butten on the diffinsicn pur. 

Let tke diffusicn pump ccoling water ccntinue to flow 
fcr akcut twenty minutes. This is an cpen end cccling 
system that dumps cut in the well outside cf the building 
miiema@e ci tte theta-pinch power plant fence. The diffusion 
fugar and the cooling water can be left cn indefinitely if 
desired while research iS in frogress. 


Be) WLap Uf 

Turr off the air conditioners at circuit breaker 
Switches #11c and #Sb. 

Leave tke forepump on ccntinuously. To shut it off 
when desired, push the "STOE" button and ofen the star 


shaped vent valve. 
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APEFENDIX B 


THE ELECTROSTATIC EFROBE 


Tre electrcstatic floating double frobe signal was 
used to determine the time at which the laser freduced 
Flasma pulse arrived at the probe Ilccaticn. When a DC 
vcltage is applied between two electrcedes in a neutral 
Elasma, tke icns are attracted by the negative electrode and 
tke electrcrs by the positive one. The charge migraticn and 
isclaticn creates space charge electric fields, changing the 
character ere tke plasma heutrality. A fundasgental 
characteristic of the behavior of a plasma is its ability to 
shield itself fxrem the electric fields in and around it by 
Debye shielding. The sheath thus formed absorbs the 
Ectential difference exponentially within a few Debye 
lengths, rs? where, 


V2 
a= en) [meters]. 
L e é 


Lao |, 
e 


~3 
ee — lene 


Assuming n and an acre approximately egual, Table 7 
1 e 
ii a | 
indicates that an varies trom abcut 1.08x10 to 7.34xX10 
e 


{cu Jj. T , calculated for this experiment by electrostatic 
E 
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picke theory, was about 50 eV. On the same experizental 
apparatus, Sltewchuk [49], ‘using X-ray diagncstics, gct an 
electron temperature at the target surface of 1€2 eV. 
Williamson [{€1] also used a temperature of 162 eV in his 
experiments tsing magnetic prokes at the target surface. 
Brecks [1C] in earlier research used an average temperature 
cf 100 eV fcr his calculations. A plasma temperature of 50 
eV is ccnsistent with Shewchuk's value twce cm frog the 
tarcet surface. 

To use the electrcestatic prcbe theory in discussions 
of the plasaa characteristics, the probe radius must be much 
greater tkan tke Debye length which is the case for a Debye 


-—J 
length cf akcut 10 cm at two cm frcm the target surface. 


14 3 
Using n = 7.34X10 cn and T = 50 eV, the minimum Debye 
€ 5 


4 
length at twe ca from the target was 1.94X10 cm. Using 


ii -J 


Hee = 1. 1X 1C Cn and T = 162 eV, the taxipum value for 
E e 


the Debye length in the plasma right at the target strface 


- 


« 


Beemec C52 10 cm. ‘Then the Debye length is cf the crder of; 


— e a 
2.€£X10 > A 2 1.94X10 CE, 


~2 
The probe radits was 2.54X10 Cm which was apprcexigately 


equal to tke greatest possitle value of the Debye length, 
1.€. at tke target surface. The prcbe radius was 
appreoximately 130 times larger than the minisum Debye length 
Beasured at tro centimeters frem the target surface. 

An advantace of the double probe system over the other 


types cf prcebes is that the maximum current drawn is always 
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lisited by tke ion densities because the current is limited 
with the ion saturation current. In the double probe theory 


developed for a static plasma the saturation ion current, I 
+ 


{amp], is related to the density by the relaticnship 


1/2 
n. = 1.6712 (a, /kT ) Jea 
1 coer a: € 
2 
where: A = surface area of the prokre [ca j 
Pp 
=- JZ 
mn = icn concentration {cn Jj 
i 
m = ion mass [gn] 


@ = particle charge [ccul] 


kT 
e 


il 


electron temperature [erg] 


and 1.67 is a unitless ccnstart. 


The electrcen temperature can be deduced from the slope 
cf the I versus V probe characteristic curve at V = C (see 
Figure 5), using the relationshif: 

=~1i1 
T = (6I /2k) (dIsdy¥) [OR | 
e + 


where I is the saturation ion current in ames. 
~ 


For tke case cf a streaming plasma the ion current 1s 


given [1C°” Ly: 


I =n Zea V 
+ 2 p LP 
wheres n ze = average icn charge fer unit volume 
‘ = plasma stream velocity [cm/sec]. 
L 


Or more accurately: 


I =n Ze({l +t sya V 
a2 i p LP 


where the coefficient, s, is included to correct for the 
secondary electron emission from the probe. The values cf s 


range from 0.0 to 0.5. For tungsten probe filaments s is 
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approximately equal to 0.5. 
For tke experiment ferfcrnmed, the average ion 
densities in the plasma plume, when the frebe was placed 2 
cm from tke target, were calculated and arranged in Table 3. 
I = VsR = n Ze(i + S)A V 

+ al Pp 


LP 
where: V = proke response voltage [vclts] 
A = 2nmcrh, the exposed prote surface area 
Pp 
h = 0.32 cm, the whisker length 
=e 


r= 2.54X10 cm, the whisker radius 
R = tctal circuit resistance in ohns 


nh = average ion density at 2 ca 
a 
solving for pn using, 
i 


2 2 
A = 5.1X10 Ci 
Pp 
R = 1 ohn 
s-= 0.5 
-19 
Ze = 1.5(1.6X10 ) coul 
19 -3 
then n = 5.45X10 vVyV iiecurs) We 
1 LP 
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Electrodes 





stainless steel! 
Shield ground 


Power | | 
Supcly LBNC B® BNC O-Score 
@ EA iy BD 
‘om current limiting | 1O 
&E & 
: | . 4 ) a (C) 
resistor 160 9 ; 
Se ee a... 
aluminum housing Capacitor Cr. 


PLRGURE 926. DOUBLE ELECTROSTATIC PROBE CIRCUIT DIAGRAM 
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fable 9. Average Icn Densities ({n ) 
i 


~3 
V [cr/sec } V {[vclts] DLCs 
it 1 


6 13 
4.€C0xX10 3.0 4.O09X10 

6 13 
£.57X%16 7.5 7.34% 10 

7 13 
tse 2 ao 2.8 1.00x%10 

7 12 
3.41X10 C.7 1.03%10 

8 11 
¥.01X10 0.2 1.08X10 


Electrcestatic prebes are actually cuite sirple tc 
ccnstruct (see Figure 22). All that is needed are two 
suitable wire whiskers, some methcd to insert them intc the 
vacuum chanter, and an electronic circuit to display the 
Signal] cr an cscillcscope. The probe circuit used in this 
experimentaticn, c¢ésigned by Brcoks [10] is Shown in Figure 
26. <Additicnal electrostatic frobe constructicn teéechrigques 
are covered in Chen [25] pages 194 thru 199. Table 10 can 
re used tc ckeck the probe circuit integrity. Refer to 
Pawiee 2€ fcr the test points. 
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Maple @TOs PreetLostatic Prokfe Circuit Verificaticn Takkle 


Resistance Actual Frcbe 


Ccnnecticn Beate Beet aisee: 
(ohms) (ohms 
&E to I 0 0 
F to J 0 0 
f to E >100K 1M 
Gtawe > 100K OM 
F to E 0 0 
G to B >5SK 10K 
Cr tao C 1 1 
& to 0D 0 0 
Eto C 1 ; 


Prctlen areas to watch for when the fgrebe appears to 


Pemerauilty are: 


(i) The BNC connectors at HG and DC are not very 
well irsulated frcm the probe chassis. If they ¢rcund 
cut, they shculd be replaced with BNC connectors that 
have ar insulating plastic ferrule fixed to the 
connectcr tc insulate it frcem the chassis. 

(Z) The 4 microfarad capacitcr went out during 
this experiment. It is net a standard size so extras 
were stccked in the laboratory in case another fails. 

(3) The probe whiskers AI and EJ can Ereek off 
very €asily and great care must be exercised shen 
hanclinc the probe. cCnily insert and remove the freke 
from the vacuum chamber when necessary. Handle it as 
Pete ede speccih esand the prosabilicy cz breakage will 
cre nirisgized. 

(4) After forty or fifty laser shots the probe 
whiskers get covered with mclten aluminum glorules. 
They shculd be carefully cleaned off with a knife Llade 





at ccnverient intervals during the experimentation. 


A C.z& anch diameter metal tube slipped cver the 
Suesrde Cf Erccks [10] probe will provide added strength. 
Tke over ajdji length of the probe, freom the whiskers uf to 
tke chassis, sheuld not exceed 20 cm in length. The skerter 
the shaft the e¢asiéer it is to handle it without Ereaking. 
Very lcng prckes kave a tendency tc break easily when 
inserting anc extracting them frcem the vactum chamker frobe 
hclder ar¢é are hard tc store and work around. Extra shaft 
Support for existing probes with glass shafts can Le kad by 
usirg chemistry lakoratory stands, clamps and solic tetal 
structural tutes. 
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THE COMFUTATIONAL ANALYSIS OF CATA 


Ic facilitate experimental data reduction the 4&4. R. 
Church Ccaoputer Center IBM 360 ccmputer system was enplcyed. 
The follcwing references were used tO write the computer 
Frcegraps;: E€cttfried [jez 4 and Shanmpine ( 48]. The 
oscillosccfre phctcegraph data from eéach laser shot was 
analyzed and transferred to data cards (see Figure z7). The 
c€ata taker ficm each cscillosccpe prose signal phctcgraph 
ccnsisted cf the fcllewing list of variables. 


(1) The picture number, calied matrix DESIG, given 
in a dcuble precision form 1S XXXX.YYZZAA, where XXXX 
is tke lccal time of the ficture, YY is the day cf the 
month that the picture was taken, ZZ is the mcnth, and 
AA is tke last two digits cf the year. 

(Z) The laser shot number (the nurker one Léing a 
frest téerget surface) was called matrix SHOT fer data 
Input ard later in the program SHC for additicnal 
sorting capability. 

(3) The distance of the detecticr probe frem the 
target surface was called matrix D for input ané .DIS 
fers SCLiing. 

(4) The proke DC vcltage bias was called EIAS. 

(5S) The tine of the peaks in the oscillcsccpe 
Cietttresc teased. led matiaces Ti, I2, and £3 icr data 
input kecause€e some phctcgraphs had as many as three 


reacable peak values. Time was changed to matrix T for 





scrting ard ccemputing operations. 

(65) The gpatrices PK1, FK2, and PK3 were used to 
input the peak values of the eiectrostatic fprobe 
Signals. The matrix PK was used later in the prcgran 
fcr ccuputing. 

(7) The laser pulse energy was designated matrix = 
for input and changed to EN fcr ccmputing. 

(6) The weasurement errors fcr tine and peak probe 
voltage values were recorded as matrix ERT and ERVOL 
respectively. These were to alicw the experizental 


errcr kars to be computed and plotted. 


The typical data card was punched as pictured in 
FIgure 27. A tctalil of 376 pictures were included in the 
cata deck fcr rachine analvsis. Nearly as many fpaictures 
were discarded. They were unreadable because the time mark 
was nct reacable or becausé¢ no peaks apfreared cr _ the 
. oscillcsccpe scales picked for tke shots. 

The criginal prcgram to execute data reduction was 
woitten in fcur sections. The first secticn was tc read in 
the data carcs (see Figure 28), the second tc locate all 
non-zero peaks and their asscciated tine cf occurrence and 
Charge tkem tc matrices PK and T respectively (se¢ figure 
Ze). Mie third section, also in Figure 29, CGerates cn tae 
graphical peeks, ccmputing the distance the flasna had te 
travel frcem the laser crater tc the prceke and usinc this 
distance to ccmpute a velocity fcr each data peak. The 
remaining section (see Figure 30) was used te graph the data 
Fcints. A ccuputer library program DRAWP was used in this 
secticn tc frodtce the graphs included in the resuits of 


this thesis. The criginal program is listed here. 
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As acre infcrmation was required from the data, more 
sections hac to re added to the frogram. Section five (see 
Figure 31) is a sorting routine tc separate the data feints 
by shct numkter. Notice that the matrices tkat have already 
served their purrose can be used again to save computer cell 
Sstcrage sface. 

Further unanswered questions apcut the experingental 
data reguired a Subroutine to average the energy cf each 
laser shct tc see if energy had any bearing cn the results. 
Section six (see Figure 32) was inserted just fcllcwing 
section cne and AVENEK was a subroutine designed and cailed 
tc averace the data pcint energies. AVENER was listec asa 
Sukroutire. AVENEE takes matrix A with an initial value 
A(1) = SI, averages the values A(1) to A(NB) and returns the 

‘standard déeviaticn, SIG, and the average value of matrix A, 
ME tc the frecran. 
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COMPUTER PROGRAM SECTION SIX AND SUBROUTINE AVENER 


FIGURE 32, 
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